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mation was summarized or extracted.

Unfamiliar names rendered phonetically or transliterated are
enclosed in parentheses. Words or names preceded by a ques-
tion mark and enclosed in parentheses were not clear in the
original but have been supplied as appropriate in context.
Other unattributed parenthetical notes within the body of an
itemcoriginate with the source. Times within items are as
given by source.

The contents of this publication in no way represent the poli-
cles, views or attitudes of the U.S. Government.
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ANNOTATION

A detailed description is presented of the physical properties of new efficient
laser materials--phosphate glass activated by rare earth ions. The possibilities
and prospects for their application in various types of lasers are demonstrated.

Information is presented cn the structure of phosphate glass, the spectral lumines-
cence, lasing, thermooptical, nonlinear optical characteristics of laser phosphate
glass activated by Nd®t ions. The processes of energy transport and quenching of
luminescence in phosphate glass, and sensitizaction of luminescence in glass co-

activated by Nd®F and Yb3t, Yb3t and Er®t ions were investigated.
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FOREWORD

Phosphate glass, which is now becoming more and more widespread in the basic
industrially developed countries, first appeared in the Soviet Union. Phos-
phate laser glass has especially great significance in creating powerful and
superpowerful lasers and lasers that operate in the periodically repeating
pulse mode.

At the present time it is possible to talk about the completion of a
defined phase of research and development of phosphate laser glass, recogni~
tion of its advantages and the beginning of industrial output and applica-
tion in series laser systems. This determines the urgency of the projyased
monograph.

It must be noted that the last exhausiive survey of laser glass was published
about 10 years ago and, just as the preceding ones, contained almost no
information on phosphate laser glass.

The authors of this book are participants in the development and investigation
of many types of phosphate laser glass, including the first, so that a sig-
nificant part of its content is based on their work, and the book itself does
not pretend to encompass the multifaceted problem of laser glass completely,

A discussion is presented of the results of physical and spectral luminescence
studies of phosphate laser glass, the study of the processes of excitation

of rare earth ions, transmission of excitation and relaxation processes in
laser glass. The obtained data indicate both the advantages of phosphate
laser glass over other glass and the potential possibilities inherent in these
types of glass, Physicochemical and lasing characteristics of this glass is
also presented, and phosphate laser glass 1s compared with silicate laser
glass.

The book is designed for physicists interested in studying laser materials
and processes occurring in lasers, for technologists involved with improving
laser materials and the active elements made from them, and for laser
designers in need of specific characteristics of active elements without
which it is impossible to design and build lasers.
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The book is written in six chapters.

Chapter 1 investigates the requirements on the physical parameters of laser
glass arising from the problem of optimizing the characteristics of lasers
of various types for various purposes. These parameters include, for
example, the spectral luminscence parameters which determine the energy

- characteristics of lasers, including their efficiency. The corresponding
parameters for lasers operating in the free lasing mode differ significantly
from those required for the short and supershort pulse modes.

Special attention is given to the parameters détermining the applicability of
glass in powerful and superpowerful lasers, for which the nonlinear character-
istics, optical and thermal stability, and thermooptical distortiors become

no less important than the efficiency.

Chapter 2 is devoted to the structure of phosphate glass. The structure of
phosphate glass differs significanfly from the structure of silicate glass,

in the final analysis, insuring the advantages of phosphate glass over sili-
cate glass. The physicochemical processes occurring when making phosphate
glass determine 1ts structure, having features characteristic of inorganic
polymers. This, in turn, determines the nearest vicinity of the ion activators
and the structure of subsequent coordination spheres, and at the same time
insures exceptionally good spectral luminescence and lasing characteristics

of phosphate laser glass and also the possibility of controlling its thermo-
optical characteristics,

. The modera concepts of the mechanisms and laws of occurrence of the processes
of nonradiating electron excitation energy transfer in laser glass. An
analysis is made of various versions of ion-ion transfer, including the
excitation energy migration process and also the processes of multiphonon
nonradiating relaxation of the excited states of rare earth ions caused by
interaction with the vibrations of admixed hydroxyl groups and structural
elements of the glass itself. The discussion is primarily based on original
results of the authors, the greater part of which are published for the first
time. For exhaustive substantiation of the uniqueness of the properties of
phosphate glass, the authors considered it necessary to expand the class of
analyzed objects by using other activators and glass-like systems, which
lends the obtained results a fundamental nature. The ideas and the results
of this chapter played an important role in the development of laser phos-
phate glass.

Chapter 4 is devoted exclusively to neodymium-doped phosphate laser glass and
the possibility of its application in various types of lasers.

The primary content of Chapter 5 is data on the thermooptical properties of
phosphate laser glass, the study of which permitted purposeful synthesis of
compositions with properties optimized as applied to specific problems. In

- particular, in this chapter a study is made of the problems arising when
making glass for pulsed-periodic lasers and high-energy laser systems. In
both cases the advantages of phosphate glass over silicate laser glass are
especially clearly manifested.
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Chapter 6 analyzes the spectral luminescence and lasing characteristics of
erbium-doped phosphate laser glass, and the specific nature of the comstruc-
tion of lasers based on this glass is investigated. Special attention is
given to neodymium laser pumped erbium lasers, inasmuch as the :
combined systems of this type permit the creation of radiation sources in the
range of 1.5 microns which are similar with respect to lasing characteristics
to neodymium lasers, and in certain respects even superior to them in the
short and supershort pulse amplification mode.

The limited size of the book makes it impossible to consider the properties
of phosphate laser glass coactivated by neodymium and ytterbium, which is
prospective for application in powerful amplifiers. Those who are interested
in this subject can refer to the background material [48, 82, 85, 101],

A bibliography containing 545 references was collected up to the end of 1979.
Tt includes the most significant publications, but does not pretend to com~
pleteness.

The collective of authors expresses sincere appreciation to all researchers
permitting use of figures from their publications. The corresponding foot-
notes are included in the text or in the captions to the figures.

The authors acknowledge the assistance of coworkers of the IRE [Institute of
Radio Engineering and Electronics], and the IONKh [Institute of General and
Inorganic Chemistry] of the USSR Academy of Sciences, and the "Rubin'" PTO
[Production and Technical Association], together with which they studied and
made phosphate laser glass. They also acknowledge coworkers of the FIAN

[ Physics Institute of the USSR Academy of Sciences] and the GOI [State
Institute of Optics] imeni S. I. Vavilov for useful discussion.

The materials of this book were distributed among the authors as follows:

N. Ye. Alekseyev, §§4.1 to 4.3, 4.8 to 4,10; V. P. Gapontsev, Chapters 3 and 6;
M. Ye. Zhabotinskiy, the introduction; V. B. Kravchenko, §§1.4 to 1.6,

Chapter 2, §§5.1 and 5.2; Yu. P. Rudnitskly, §61,1 to 1.3, §54.4 to 4.6,

4,7 and 5.3,

M, Ye. Zhabotinskiy
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INTRODUCTION

The 20-year mark of the laser age was reached in 1980, Industrial laser
production is being engaged in on a large scale and has acquired great sig-
nificance in the economies of the developed countries. Lasers are widely used
in industry, construction, medicine and scientific work. Therefore the lit-
erature on lasers initially devoted primarily to investigation of such
physical problems as the problems of lasing and amplification, including
various operating modes of the laser, such physical characteristics as co-
herence and fluctuations of laser emission, its divergence and spectral com-
position, has gradually come to include the analysis of problems arising in
the design, development, production and application of lasers.

As is known, the first laser was a ruby laser. It was pumped by a pumping
tube. Soon a report came out on the first gas laser using a mixture of helium
and neon pumped by electric discharge. Thus, from the very beginning two
competing and mutually complementary areas were distinguished--the develop-
ment of solid-state and gas lasers. Subsequently, semiconductor lasers and
liquid lasers using organic (dyes) and inorganic liquids were distinguished

- as separate areas.

The development of quantum electronics based on studying the physical pro-
cesses leading to realization of the laser effect hod a clearly expressed
applied nature, Researchers set the goal of increasing the power of lasers,
their efficiencies, assimilation of a broader and broader range of wavelengths,
including the possibility of continuous wavelength adjustment, the assimila-
tion of various operating modes from continuous lasing to supershort pulse
lasing, and an increase in frequency stability of laser emission, and so on.

This, in turn, stimulated the search for and the investigation of new active
media suitable for use in lasers. At the present time hundreds of different
gas mixtures are known (including pure gases and metal vapor), which are
capable of lasing at different points of the optical band--from the ultra-
violet region to submillimeter. A number of crystals, liquids and glass of
different composition and an entire series of semiconductor compounds are
known, the number of which is growing constantly.

However, the majority of materials for which the laser effect has been
studied have not found practical application, for the set of characteristics

providing for realization of certain specific goals is encountered relatively
rarely.
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Thus, the achievement of high pulse energy and maximum high power in the
short and supershort pulse mode requires high density of the active particles
which is characteristic of solid-state active elements., In spite of per-
sistent research and improvement of the methods of growing artificial single
crystals, until recently only two types of active crystals have found appli-
cation in industrially produced lasers. These are rubies and neodymium-doped
yttrium-aluminum garnet. The latter has found especially broad applicationm,
for it successfully combines the mechanical and thermooptical properties of
yttrium-aluminum garnet with the laser characteristics of the neodymium ions
in this crystal. Recently neodymium-doped yttrium aluminate crystals have
been added to this list.

Continuous and pulsed-periodic neodymium-doped YAG and yttrium aluminate

lasers are being used successfully. They provide an average power on the
order of tens and even hundreds of watts, and in unique models, when using
special circuits and structures, they provide a power on the order of several
kilowatts. However, the cost of large monocrystalline laser elements increases
much more rapidly than the obtained power, which is explained by the diffi-
culties of growing large optically homogeneous samples.

Neodymium-doped glass was one of the first materials in which the laser effect
was obtained, The superior optical characteristics of the glass, the high
technological level of founding and working it, availability and relative
cheapness of the raw material insured rapid progress in the creation of laser
glass and lasers based on them.

The application of lasers in industrial production processes has required
mass output of laser glass, and the problems of laser thermonuclear research
have stimulated the manufacture of large active elements with dimensions
entirely unattainable by the existing methods of growing crystals.

Thus, glass has become the most important active element for solid-state
lasers., For a long time, only silicate glass was used, the manufacturing
technology of which was developed to the highest degree in the optical industry.
- The efforts of physicists and process engineers were aimed at improving the
laser characteristics of silicate glass, its physicochemical and optical
parameters, such as optical homogeneity, radiation strength (body and surface),
and also chemical strength, thermooptical and thermomechanical characteristics,
adaptability to manufacture, and so on.

Efforts to create nonsilicate laser glass, for example borate and germanate
glass, did not lead to hopeful results.

The presented book has the goal of investigating phosphate laser glass, which
- has recently become one of the most important materials for making the
active elements of solid-state lasers for various purposes.

Phosphate glass was known to specialists as nontechnological, it had a very
narrow range of application and was industrially produced in small quantities.

For this reason, for a number of years there was no effort made to create
phosphate laser glass.
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It was only in 1966 that the collective of researchers working at the Institute
of Radio Engineering and Electronics of the USSR Academy of Sciences, which
included the authors of this book, arrived at the conclusion of the potential
udvantages of phosphate laser glass if such could be created. The conclusion
followed from the results obtained by this collective while studying the
luminescence of ions of rare earth elements in polyphosphoric acids and from
known concepts regarding the structure of phosphate glass. A collective of
coworkers of the Institute of General and Inorganic Chemistry of the USSR
Academy of Sciences, among whom V. V., Tsapkin and the late G, V. Ellert

played a leading role, became involved in this research.

As a result of purposeful research, a method of synthesizing phosphate laser

glass based on alkali and alkali earth element metaphosphates was developed.

In the following year neodymium-doped phosphate glass laser elements were made

which had satisfactory physicochemical properties and were superior to sili-

cate glass with respect to the primary laser characteristics. Thus, the

width of the lasing spectrum of the new glass was 4 angstroms as opposed to

80 to 120 angstroms for silicate glass, and the efficiency was 1.5 to 2 times

as high under identical excitation conditions. Soon this glass, under the

- name of LGS-40, became the first industrial phosphate laser glass. The dis-
advantage of this glass was relatively low chemical stability.

It must be noted that studies of the possibility of creating phosphate laser
glass were performed independently at the same time by Deutschbein and his
coworkers in France. They published comprehensive results of spectral
luminescence studies of a number of compositions for neodymium-doped phosphate
glass, and they reported that lasing had been obtained.

The phosphate laser glass of the IRE Institute of the USSR Academy of Sciences
developed jointly with the LZ0S and called LGS~40 M, LGS-41 and LGS-42,
has improved physicochemicai characteristics.

The second generation of phosphate laser glass of the IRE Institute of the
USSR Academy of Sciences was intended specially for application in large
industrial and research devices in which rigid requirements arise both with
respect to thermooptical characteristics of the glass and its efficiency.

The athermal characteristics of phosphate laser glass LGS-I were subsequently
reproduced also in the corresponding silicate glass.

A number of compositions of neodymium glass developed by the State Institute

of Optics imeni S. I. Vavilov and the LZ0S and manufactured by industry under
the names GLS-21, GLS-22, GLS-23, G'.S~24, LGS-55 and LGS-56 must be included

in the second generation phosphate laser glass.

The next step in the development of phosphate glass was the creation of
"athermal” phosphate glass with reduced temperature dependence of the thermo-
optical characteristics (type LGS-M), with diminished concentration quench-
ing of luminescence and, correspondingly, with high activator concentration
(glass of the LGS-K type developed by the IRE Institute of the USSR Academy
of Sciences, lithium neodymium phosphate glass developed by the Physics
Institute of the USSR Academy of Sciences). Recently work on highly concen-
trated glass has been started abroad.
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Tn spite of the progress in improving the characteristics of phosphate laser
glass, one area has lagged behind, in waich phosphate laser gless cannot
compete with yttrium-aluminum garnet. This area involves operation in the
rapidly repeated pulse mode. In this mode the thermomechanical characteris-
tics of the material, especially its thermal conductivity and mechanical
strength, acquire primary significance. YAG crystals have significant
advantages over glass with respect to both of these characteristics.

The known methods of strengthening glass, for example, quenching, have sig-
nificant disadvantages, among which long buildup to the operating mode and
negative effects on the thermooptical characteristics are the most undesir-
able.

The IRE Institute of the USSR Academy of Sciences developed original methods
of strengthening the active elements made of phosphate laser glass. As a
result, elements operating at a pulse repetition frequency of 10 hertz
develop almost the same average power as YAG active elements of the same
dimensions, under identical pumping conditionms, but at appreciably less cost
and greater availability.

- Two more advantages of phosphate laser glass must be noted.

One of these advantages is manifested in large devices designed to obtain high
power short and supershort pulses with high emission density. Nonlinear
processes leading to the appearance of internal deterioration as a result of
self-focusing turn out to be limiting factors in this case. Correspondingly,
the limiting energy flux demsities in phosphate glass are approximately twice
those in silicate glass.

A second advantage is connected with more efficient energy transfer between
rare earth ions in phosphate glass compared to silicate glass. The use of
this advantage made it possible to develop high quality erbium laser glass
sensitized by ytterbium ions. The authors of the monograph obtained lasing
in the 1.54 micron range for the first time in this glass in 1969, using
free-running neodymium-doped glass lasers as the excitation source. Later,
the indicated erbium glass was brought up to industrial standards (type LGS-E),
for which, in particular, it was necessary to solve the technologically

- complicated problem of deep dehydration of it. Systematic studies were also
made of the spectral luminescence characteristics of erbium glass and the
class of problems connected with optimizing the lasing characteristics of
both laser-pumped and tube-pumped erbium lasers. 1In 1973, one of the authors
presented convincing substantiation of the expediency of using erbium re-
emitters of neodymium lasers as amplifying stages of powerful laser systems
designed for various applications.

Another sensitized phosphate laser glass developed and systematically studied
in those years at the IRE Institute of the USSR Academy of Sciences was
neodymium (sensitizer) and ytterbium (activator) doped glass which was pros-
pective for use in the terminal stages of power amplifiers for pulses of
medium duration, from 10-6 to 10~%4 seconds.
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Recently, Soviet industry has developed and is manufacturing a number of types

of phosphate laser glass, and active elements for various purposes are being
made from it.

The orientation toward silicate glass prevailed for a long time abroad,
and there was no serious concern with the development of phosphate glass,

However, in recent years the situation has changed. Industrial phosphate glass
was produced in Japan, and later in the United States. This glass is used in
large production units and devices for thermonuclear plasma heating in the
United States, Japan and France. The developers of laser systems for other
applications are also becoming reoriented to phosphate glass.

The possibilities of phosphate laser glass have been far from exhausted. Many
laboratories are continuing basic research in order to improve the characteris-
tics of phosphate glass and glass with several glass formers, including
phosphorus. A significant increase in the average pulse energy and power of
lasers using glass of these types, possibilities of obtaining lasing on new
wavelengths, further shortening of the duration of supershort pulses, the
application of active fibers, and so on should be expected.
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CHAPTER 1. GENERAL REQUIREMENTS ON PHYSICAL PARAMETERS OF LASER GLASS

§1.1. Spectral Luminescence Parameters Determining the Energy Characteristics
of Glass

The phenomenon of forced (induced) emission, which forms the basis of the
operation of all lasers is observed on interaction of the emission with a
set of excited atoms or ions in which the population of one of the excited
states with energy Ep 1s greater than on the lower-lying level with an energy
of Ex. The radiation is amplified on frequencies equal to the tramsition
frequencies between the indicated states, as a result of emission of light
quanta coherent to the incident radiation by the excited atoms. The prob-
ability of forced emission, according to the theory of interaction of radia-
tion with matter is determined by the dipole moment (the oscillator force)

of the transition and intensity of radiation. Broadening the energy levels
of the atoms as a result of their interaction with the environment decreases
the density of states in the given energy range and correspondingly decreases
the efficiency of the induced processes. The probability of the forced
transition wy,q on interaction of an atom with a light beam of intensity I(v)
is easy to find using the induced emission cross section o(v):

wy (V)=o) 1 (. (1.1

Key: 1. ind
On interaction with not strictly monochromatic radiation distributed in the

frequency range comparable to the width of the spectral transition band
Avihds the total probability of the induced tramsition is

= [ wamdv=§ & W) I (v)dv. (1.1a)
(ll]’.;) Avy avy
Key: 1. ind 1) (€N
If we consider that at the limits of this band
I(v) = I ==const,
then
wy =1 S‘G (v) dv = Ig,,

(1.1b)
where oy is the integral radiation cross section.

10
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It is possible to show that on normalization of the function T'(v) describing
the form of the spectral band, by 1, we obtain

olv) = gol’(v). ' (1.1c)

In accordance with the theory of interaction of radiation with matter [1], we
have

Wy I Ymy II3 J,

(1.2)

where rpy 1s the dipole moment of the tramsition, J=hvl is the radiation
energy flux with frequency v= (Em—Ek)h"l.

: 2
From expressions (1.1), (1.2), it follows that °0"'|rmki , and the induced
emission cross section on a frequency corresponding to the maximum luminescence
band vg is inversely proportional to the halfwidth Avg of the band, that is,

d“ (1' 3)
0 (vy) o o

\‘I|

Let us consider how the intensity of the light beam with frequency Vmk variles
on propagation through a laser active medium, Let the populations of the m-th
and k-th levels, that is, the number of particles in the indicated states in

1 cm3 be N, and N, respectively. The variation of the intensity in the layer
of matter dx thick is determined by the difference in probabjlities of emission
and absorption of photons:

Al = @V — Oxmla) T di2 = G, (N,,. _ém N,‘) Idz, (1.4)

En

8

since om = gm"km; here g, g, are the multiplicities of level degenerationm.

In the case of thermodynamic equilibrium Ny=N,exp(-AE/kgI), that is,

11\:1?;1;1(, and the value of (gmﬂk-gkNm)ckm defines the absorption coefficient

On integration of equation (1.4), we obtain the well-known Beer-Bouger
- law:

.E' s (%j, = ' ‘]oe—.h(‘v)s‘

where x is the thickness of the layer of material through which the light
has passed. If the difference gkNm-gTNk>0, then an inverse population
(inversion) is created in the material, and the radiation is amplified
(d1>0). The value of

_ (gkNm — mN1) O (1.5)

is called the specific gain of the induced emission and is denoted by a§.
In doped crystal or glass lasers, inversion is achieved on excitation of the

11
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activator ions using highly intense light sources, for example, pulsed pump-
ing tubes (ILN), that is, by optical pumping.

- The inverse proportion can be created in a set of ions for which the follow-
ing conditions are met.

The level, the lifetime of which approaches the radiation lifetime, and the
quantum luminescence yield is close to one, correspondingly, that is, the

interaction of the ion with the surroundings leading to nonradiating loss of
- excitation is weak, must exist in the energy spectrum of the ions.

Above the indicated level there must be at least one level (better, several
levels or a band) on excitation to which the ion quickly relaxes to the indi-
cated lower-lying level. Then this level (band) can be used as the excita-
tion (pumping) channel, and the inverse population can be created on the
lower-lying luminescent level called the upper laser level. It is desirable
that between the lower laser level on which the ion is incident as a result

of induced or spontaneous emission and the basic level an energy gap AE>kgl
exists., Obviously, in this case in order to achieve inversion it is necessary
to create a population exp{AE/(kgT)} times less on the upper laser level than
in the case where the lower laser level is the main level.

For realization of induced emission it is also necessary that the absorption
from the upper laser level on the lasing frequencies be absent or, in the
extreme case, the cross section of this absorption be much lesw than the
cross section of the used induced transition.

Ions, the spectroscopic characteristics of which are determined by their

s or p-electron states are unsuitable for obtaining the laser effect, Indeed,
the interaction ¢f these ions with a crystal matrix leads to significant
broadening of the spectral bands and rapid nonradiating deactivation of the
excited states, which creates almost insurmountable difficulties in obtaining
sufficient gain for lasers.

Inasmuch as the 4f and 3d-electrons are located in the inner regions of the
atoms and interact with the intercrystalline field more weakly than the

s or p-electrons [2], the luminescent and spectroscopic characteristics of
certain rare earth ions and metal ions of the iron group (primarily neodymium
and chromium ions) satisfy the previously enumerated requirements well, and
the laser effect was first obtained on them.

Let us present a brief description of the characteristic features of rare
earth spectra required for discussion of the interrelation of spectroscopic
and laser properties of glass.

As is known, in the spectra of crystals and glass doped with ions of rare
earth elements, narrow low-intensity absorption and luminescence bands are
observed which correspond to dipole transitions with low oscillator force.
These transitions are the result of the effect of intracrystalline fields on
the ions, for the transitions between states of identical parity in a free
ion according to Laporte's law are forbidden. The standard oscillator force
of an optical transition in rare earth ions £:10-6 to 10~5, which is
approximately 103 times less than in the transitions permitted in the dipole
approximation,
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The Interaction of the electron shells of ions with thermal vibrations of

the matrix leads to bonding of the spectral lines called uniform, which
increases with an increase in temperature. At 300K, its value in the crystals
reaches 10 to 30 cm~1.

In glass where the far order is absent, and variations in the structure of
coordination spheres nearest to the activator ion are significant, the energy
spectrum and permissibility of transitions in the ensemble of activator
ions can differ significantly within the limits of the ensemble. The optical
spectrum of this ion ensemble is broadened nonuniformly. The magnitude of
this broadening in laser glass exceeds the uniform broadening observed at 300K .
by 2 to 3 times.

The amount of nonuniform broadening can vary noticeably from level to level
even within the limits of the same multipleth state, which is connected with
some variation in symmetry of the electron states and, correspondingly,
interaction with the crystal field.

The existence of electron-phonon interaction also leads to the fact that the
transition of excited ions to low-lying levels can take place not only by
spontaneous emission of photons, but also in nonradiating fashion, with
transfer of the energy to thermal vibrations. The relation between the prob-
abilities of spontaneous emission A and nonradiating transitions w;,, defines
the quantum yield of the luminescence:

where T is the radiation lifetime of the excited state in glass, and Ty is
the luminescent lifetime of this excited state.

It must be noted that in cases where the energy gap between the excited and
lower-lying electron levels of the activator (AE) coincides with the energy
of the permitted vibrational transitions in the dielectric matrix,

wy>>A and q~0. However, the probability of nonradiating transitions
decreases exponentially with an increase in AE, and the condition wy<A is
satisfied when the frequency corresponding to the transition between adjacent
activator levels falls in the region of transparency of the dielectric.
Therefore in crystals and in glass luminescence is observed from levels for
which AE>5000 cm~1l, and }uminescence is induced through levels at a distance
of no more than 2000 em — from each other and from the metatstable state¥;

*Here and hereafter the energyis expressed in inverse centimeters. The
origin of the unit of inverse centimeter which has become widespread in
spectroscopy follows from the exmression

h\J'=E2"E

1!
which can be written in the form
1 - EZ_E].
by he

One electron volt (1.602-10-12 erg) is equivalent to 8066 em L,
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The presence in the laser ions of a system of pumping levels and absorption
bands corresponding to them offers the possibility of creating a population
on the metastable level greater than on the lower-lying level by exciting
these ions by intense emission of gas discharge pulse tubes.

The efficiency of optical pumping is determined by the overlap of the
emission spectrum of the pulse pumping tubes with the absorption spectrum of
the laser ion and also the intensity of the absorption bands and Stokes
losses, that is, the fraction of the excitation energy which is transmitted
by thermal vibrations during nonradiating relaxation of the ion to the meta-
stable state.

Let us consider the active element (AE) in the form of a flat parallelepiped
with dimensions Xgs Yo Zpe The pumping radiation falls on the AE perpendicu-
lar to the faces, that is, parallel te the x~axis.* The power absorbed by an
elementary volurs AV of the active element with the coordinates x, y, 2,

x+Ax, y+Ay, z+Az at the time t is

e (e 1) = | (v lexpl v 1) o)+
AV

exp Ly, £y i = 2R (v, 1 2) dVAY, (1.6a)

and for the power which is brought to the metastable level and for the Stokes
losses we have

Em (Iv t) =Y 5""’-‘1‘80 (vl t) [exP ['—k (’Vv tv z) xl +
Ay . - R

+ exp [k (v, £,2) (2 = 2l k (v, , 2) VAV, (1.6b)
88 = o —em. L (1.6¢)

In relations (1.6a) to (1.6c) egfv, t) is the power of the emission incident
on a unit of the lateral surface of the element; the value of eo(v, t) depends
on the quality of the illuminating system and, obviously, cannot exceed the
power emitted by a unit surface of the plasma in the pulsed pumping tube;

the absorption coefficient k(v, t, x) takes into account the decrease in the
initial population of the ground state Ny on tramsition of part of the ions Ny

*The caleulations performed on a computer for a flat AE made of neodymium
glass excited by a system of pumping tubes located along the large faces

of the AE parallel to the y-axis with a plane mirror behind them, gave
results close to (l.6a). The peculiarities of the pumping of a cylindrical
AE in an elliptic and other types of illuminators were investigated in

[3, 41.
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to the excited states; the factors exp[-k(v, t, x)x] and exp[k(v, t, x)(x-xq)]
describe the attenuation of the light flux on its propagation in an active
element. Integration 18 carried out in the frequency range bounded by the
emission frequency of the laser vg and the frequency of the edge of the fund-
amental band in the absorption spectrum of the dielectric matrix Ve

Since the noted population is created only on the metastable level, on the
transition frequencies to this level the abaorption coefficient is

’ N, (8, 2
9, 1,2) = by ()1 = —,—V‘;—’) (1.72)

and for the remaining frequencies
¢
7 ki(v, t, 2) =k (v)(i—— N (8 ’)) (1.7v)
B N

here k=0 (\)):I_N0 in the absence of degeneration of the levels.

Here the population of the metastable level Ny (t, x) is defined by the system
of equations

AN, (¢, 1
. md(t 2 = (hv‘l)_l Em (t'.z) —Nn (tl IL‘) 't_“' (1. 8a)

Ny(t, 2) + Nm'(t, 2) = N
(1.8b)

In lasers using NdH ions Nu(t, x)<<Ny(t, x)*Nj, and therefore the solution of
equation (1.8a) has the form
[

Nut, ) = (hvg)~ le\p( \l,,,(t £ C'\[l(-- *-)dt 1.9

0

The efficiency of using pumping can be characterized by the expression

. S’Bd(x, e, t}dV
F=¥ . (1.10)
. s fao(v, v

Av
integration’ is carried out with respect to the entire body of the AE, S is
the surface area of the AE illuminated by the ILN.

As calculations and direct measurements performed for AE made of neodymium
glass indicate [3-5], the value of F can reach approximately 50% of the
energy emitted by the ILN. In a real illumination system F~e, increases as
(A%L)112 (L is the transverse dimension of the AE) where (Al) < 10% cn~
(Figure 1.1), The relation between the Stokes losses and energy fed to the
metastable level of Nd”" is 0.7:1 for brightness temperature of the ILN of
about 8000K.
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Figure 1.1, Fraction of the radiation energy absorbed by the
glass as a function of the product of the Nd”" ion concentration
times the thickness of the flat AE,
The radiation source was xenon discharge with current density
of 1 kiloamp/cm .
Key:
1. Phosphate glass
2, Silicate glass

The fraction of the energ§+absorbed bg}therE:3+ for laser concentrations
N, = 54019 cp™3 or Ybo" for My, =:2.10% cy~3, does not exceed 10% of the
energy emitted the ILN. Therefore sensitization of their luminescence, for
example, by Nd7" greatly improves the use of the pumg+pg and correspondingly
improves the energy parameters of Yb3+ or Yb3* and E lasers.

The following condition must be satisfied for lasing: amplification of the
emission in the active material must compensate for losses in the laser sys-
tem. This condition is realized when the inverse population on the meta-

stable level is equal ton

: l'l[cu 1]W )
N("fg o (v) [en) (.11

Key: 1. threshold
where 11 1s the losses in the laser system reduced to a unit length of the
inverse medium, including absorption in the AE, the losses on the mirrors and
to diffraction., If the lower laser level is the main level (a three-level
induced emission system), it is necessary to create a population equal to

: !

N, = =Ny + Nnop~

S )

on the upper laser level., If an energy gap AE, exists befween the lower
laser level and the main level, condition (1.11) is satisfied for

N,,.=Noexp I Nnnp
{ 5'1}' %))
Key: 1. threshold
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When AE2>>kBT and Nm:Nthreshold’ the four-level induced emission system is

realized. Here the characteristic setup time for the thermal equilibrium
between the main and lower laser level T, defines the minimum laser pulse
duration, the generation of which occurs by the four-level system. During
induced emission or amplification of the pulses with duration t, j5,~Tg OR
the lower laser level, an additional nonequilibrium population gs created,

- which decreases the inversion, and in these cases degeneration of the four-
level amplification system to a three-level system is indicated. When
tpulge<<Ty» the laser pulse can "discharge" only a defined fraction of the
population of the metastable level, that 1s, the maximum energy lost to
induced emission decreases noticeably,

For exact consideration of the degeneration effects, in addition to the value
of 1t,, it is also necessary to know the structure of the lower laser level.
Since thermal equilibrium between the Stark components of the multipleth level
is established much faster than between the different states, an additional
population created by induced transitions in one component or a group of
components of the lower laser level, is redistributed according to Boltzmann's
law between all the Stark components of this laser level, and the negative
influence of degeneration decreases.

The induced emission cross section of the laser transition for an ensemble of
activator ions with uniform broadening is defined by the formula

alv) = ayylv),

where y(v) is a function describing the form of the line (gaussian or
Lorentian), og is the integral emission cross section which is related to the
probability of spontaneous emission A as follows:

g Ly (1.12a)

8‘(\ LAY

Here g; and gy are the multiplicities of degeneration of the levels.

In the case of a nonuniformly broadened spectrum o(v) is equal to the integral
of cross sections of induced emission of all particles on a frequency v:

o0

Mﬂ=S‘MAvwom?®vMWM. (1.12b)

Av o

where p(A, v') is the fraction of the particles for which the probability of
spontaneous emission is equal to A, and the maximum of the uniform line is
located on a frequency of v'; d5(A)y(v, v') is the emission cross section of
these particles on the frequency v,

Let us express the lasing threshold and energy efficiency of the laser in

terms of the spectral luminescence parameters of the glass. Let us consider

a four-level induced emission system and a square pumping pulse for which

e0 (v, t)=e,(v) for 0<t<tpumping» and for simplicity we shall consider that

it is possgble to neglectumge variation of the pumping intensity with respect
- to the AE cross section,
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From expressions (1.9) to (1.12) it follows that

*:‘ " dv’dA -

= Nald, v t)oo(A)?(' ‘ .
=it j p(A v') oo(A) A”‘q(i-—exp( D

1,13
Xy, ’)dvdA ( )

where (hv,)~ 1e is the total number of particles excited by pumping per cm3 of
AE per unit time, q 1s the quantum yield of the luminescence which 1s assumed
to be identical for the entire ensemble of excited particles,
The pumping energy for which the Alas}_t}g threshold is reached is

| Ty (PO enlpVs (1.1
Key: 1, threshold

where £Zeg/e. 1is the relative magnitude of the Stokes losses averaged with
respect to tﬁle activator absorption spectrum, V is the volume of the AE,

. tthreshold is the time the lasing threshold is reached (as a rule,

tthreshold <" ) Using expression (1 13). we obtain
. 'Wo(Fg)-l nv * (1.148)

SSp(A v’)o (4) (v, v') dAay’

iy =
Avo
Key: 1. threshold

It ig possible to express the integral in the denominator in terms of the
experimentally defined luminescence parameters of the glass: the quantum

. yield of the luminescence q, characteristic attenuation time of the lumines-

cence Tz(tth h ld) excited by a light pulse of duration ty a° and
I'(vg) is l:herg:tpgitude of the function normallzed by one descrig?ng the shape
of the luminescence band on a frequency of vo?

7
_Y‘fp(A v’)ao(A)?(v,v)dv'dA Bn%(———{%‘%, (1.14b)
ot - 6h)

Key: 1. threshold

In a laser the lasing frequency v usually coincides with the frequency of
the maximum luminescence band, and in this case

r.z.,bz const ———M (; (1.15a)
Key: 1., threshold

In the case of steady-state pumping the pumping power for which lasing occurs
is
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eaop = v (FE)~1 Nyooy1z'V M,
. ) ST (1.15b)

Key: 1. threshold

The intensity of the induced emission I passing through a:unit surface of the
working cross section of the active element Sy under steady-state lasing con-
- ditions 18 related to the pumping emission power absorbed by the AE as

follows:
Ty,
~ hv,,ISo=F§eo(f—'-g:—°e)»w . (1.16a)
: o gy '

Key: 1. threshold; 2. ind

where wind=idl is the probability of induced emission; k is a coefficient
indicating how many times the photon field inside the resonator is larger
than outside it; w2=1/TE is the probability of luminescent processes.

Using formulas (1.11) and (1.15b) and integrating with respect to time, we
obtain the expression for the radiation energy of a laser:

L2
Wy = I"§7/”"[1 — ”,;f” 4+ (kl[l)-l)J; (1.16b)
O R €

Key: 1. ind; 2. threshold; 3. pumping

for glass lasers the value of klIf is approximately equal to one, % is the
active element length. Here the energy expenditures on maintaining the
threshold population and on the luminescence processes which naturally are
not curtailed during lasing are proportional to the value of

1 T oA
e(noz (1 -l' (7:[11)-1) (7] const'ialqo1 (1. 16C)

Key: 1. threshold

the efficiency of the laser )
», (1 AN -l
=T D1 T 1 gy (1.160)

Key: 1. ind; 2, threshold

for %”ind>>7V hreshold® the efficiency ZFE. During pumping by the emission
of xenon ILN w tﬁ 3?scharge current density on the order of 1 kiloamp/cmz,
the value of FE for phosphate glass <127 of ,opump ne’ As we shall see, the
lasing threshold and efficiency of the laser depené %o a significant degree
on the spectral luminescence parameters of the glass: the intensity of the
absorption bands and their overlap with the pumping emission spectrum, the
luminescence quantum yield, the magnitude of nonuniform broadening of the
luminescence band and also the magnitude of the Stark splitting of the upper
and lower laser levels.
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The width of the induced emission spectrum, as numerous experimental and
theoretical papers [6, 7] have demonstrated, is determined by the ratio of the
uniform and nonuniform broadening, the shape of the luminescence band, and,

in cases where the probability of the excitation transfer processes between
the active ions is comparable to the probability of induced emission, by the
energy migvation rate., For illustration let us compare some of the spectro-
scopic parameters of neodymium-doped borate, silicate, phosphate and

germanate glasg, using the data presented in [47].

The quantum yield for silicave, §ermanate and phosphate glass with a neodymium
ion concentration of 2°10~20 c¢m~3 is 0.5 to 0.8, and for borate glass the
quantum yield is no more than 0,1 to 0,2. The fraction of the pumping energy
absorbed by the AE from the phosphate glass is 20 to 50% more than for the
majority of silicate glasses. The laser silicate glass ED-2 which absorbs
pumping radiation just as well as phosphate based glass constitutes an excep-
tion. With respect to magnitude of overlap of the absorption spectra of the
Nd3* ions with the ILN spectrum, the germanate and borate glasses, in our
opinion, are similar to silicate glass. In phosphate glass the minimum width
of the laser transition luminescence band is observed equal to 150 to 220 cm —;
in other types of glass, this value is 1.5 to 2 times higher.

It must be noted that fluophosphate glass has spectroscopic characteristics
similar to phosphate glass., This is investigated in more detail in §1.6.

A comparison of the spectroscopic parameters of neodymium-doped glass of
various types permits a unique conclusion to be drawn--phosphate glass has
optimal spectral luminescence parameters for laser application: namely,

quite intense bands in the absorption spectrum larger than in other types of
glass, induced emigsion cross sections, minimum width of the lumirescence band
of the transition 4F3/2+4111/2, the quantum yield of luminescence in them is
0.7 to 0.8, Phosphate glass coactivated by Yb3+ and Er* or Nd3* and vb3+
ions also has good properties.

§1.2. Nonlinearity of the Index of Refraction of Glass

As is known, the relation between the index of refraction of a transparent
dielectric and its microparameters is defined by the Lorenz-Lorentz formula

(1 — 1) (0t 4 271 = % gpt-1a, (1.17)

where A 1is Avogadro's number, M is the molar mass, p is the demsity, o is

the polarizability of molecules which on optical frequencies is basically
caused by polarization of the electron shells of the ions.

Under the effect of intense light fields (erergy flux density 5106 watts/cm?),
the electrostriction compression of the material and increase in polarizability

lead to an increase in n by an amount proportional to the square of the
intensity amplitude of the light field:

‘,;.-.-.no+nz|<3’|".. (1.18)
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The term which is linear with respect to £ 1in isotropic glass, just as in
centrosymmetric crystals, is equal to zero.

The coefficient of nonlinearity of the index of refraction np is a character-
istic of the material, and for glass it has values of (3 to 0.5)-10713 em2/vo1t2.

As the calculations show [8, 9], with a light pulse duration less than

- 10-9 second, the primary contribution to ny (up to 80%) is made by the electrom
polarizability caused by light induced dipole moments (these dipole moments
determine the intensity of the Raman scattering lines in the material). The
characteristic time for establishment of equilibrium between the nonlinear
electron polarizability and electromagnetic field is on the order of 10716 sec.
Other nonlinear mechanisms include the following: the electrostriction
mechanism and also orientation (Kerr) and nuclear polarizabilities--have
characteristic setup times on the order of 10~12 sec, and their joint contribu-
tion does not exceed 20% of the observed values of ny of glass.

The nonlinearity of the index of refraction leads to the fact that on propa-
gation of a laser beam with gaussian or any other convex intensity distribu-~
tion with respect to the beam cross secti'n in the glass, a positive non-
linear lens is "induced." Its focal length is determined by the magnitude of
n2 and the power of the radiation; if the focusing effect of the nonlinear
lens exceeds the divergence of the light beam, self-focusing of it is ob~
served. The power for which the nonlinear lens compensates the divergence of
the emission i1s called the critical or threshold power of self-focusing. For
radiation powers significantly exceeding the critical power, small scale dis-
tortions develop in the laser beam which not only have a negative effect on
the quality of the wave front, but with sufficient length of path of the
light in the glass, lead to breakdown of the beam into individual filaments
with very high power density and optical breakdown of the glass. The self-
focusing theory and experiment performed to study it are investigated in
considerable detail in the survey books [10, 11]. We shall only consider the
basic laws here.

If a quasicylindrical light beam with cross section diameter D and light
field intensity E 1s propagated in a nonlinear optical medium, then the
index of refraction of the medium inside the beam will be v = gt na&?
where ngy is the index of refraction of the medium outside the beam. Here,
the rays incident on the surface from the inside, bounding the beam, make the
transition from a medium which 1is optically more dense to a medium opti-
cally less dense, and with sufficiently large angles of incidence undergo
total internal reflection. The critical angle of incidence for which the
reflected ray is propagated parallel to the interface is defined by Snell's
law n siné.y=n sin(m/2). Since the angle of divergence of the beam 8 is
related to the angle of incidence ¢ by the expression ¢=7/2-8, then

2n &3\12
A ) . (1.19)

?%.umedqﬁJ~<no

Key: 1. cr
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A light beam with divergence 6>6., will remain diverging; for 6<6., it will
- be focused. For diffraction divergence 84=1.22 A/D the critical intensity

of the light field F., and the critical power of the beam €., for which

Ocr=64 are defined by the expressions

- ) 9_;=7:‘32;K@. T 2 et (1.20)
R S Y
O ap (1,220)% st
v 'g“p= Jup=—'—'2 (1.20a)
SR L

Key: 1, cr

where [12] ¥=n2[cm2/volt2]lm'107/n0c, J 8 the energy flux density (in units
of watts/cm<)

Obviously, in the case of a wave with divergence 0=M04, the radiation power
must be M2 times greater than €or In order to obtain self-focusing.

The distance at which the light flux with plane phase front is self-focused,
being propagated in a nonlinear medium, is equal to

D [T ot [ (1.21)
Ry == /L’E"l/"_q'
ay 2 ‘ W& 4 2Jy

Key: 1. nonlinear

For divergence of the emission 6 and power in the beam exceeding the self-

- focusing threshold, the light beam is focused at a distance Rgs:
1 - _.1 ....m,,._i_ ».—--,T ———“_'— D
T = g — povhére Re =g (1.21a)
(65 v))

Key: 1. sf; 2. nonlinear

Using Snell's law, in the limiting case it is easy to show that for gaussian
distribution in the beam

J(r) = Juax exp {— E_ﬁr_]‘ (1.22)
0 obdh/ (1)
)):u[u[l .‘/- "0
B === 1 e (1.22a)

(2)
Key: 1. eff; 2. nonlinear

where D ¢ is the effective beam diameter, J .. is the maximum flux density
» in the beam. In laser beams of high (supercritical) power Ree~Roonlinear:

Applying the ahove-presented formulas, it is necessary to consider that they
are valid only for nonlinear media in which amplification or attenuation of
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the emission does not occur. In the presence of absorption k the minimum

power for which self-focusing is still possible is determined from the equa-
N tion Ry n14 ar=k—1' The physical meaning of this equation is obvious: the

nonlinear e? ects become insignificant at distances exceeding the length of

free path of the photon in the medium, TIn an active medium with specific

patn ag the self-focusing develops faster than in a nonamplifying medium.

If the conditlon Rygnjjnear®y>>l is satisfied, then Rsf=ln(Rnonlinear“g)/“g'

It must be noted that for an emission power much higher than critical,
instabilities develop in the light beam which, with sufficient length of the
nonlinear medium, lead to breakdown of the beam into a number of individual
small-scale beams and, consequently, significantly distort the wave front of
the emission. The instability of the laser beam increases significantly when
small-scale distortions occur in the distribution of the emission intensity.
These distortions are the result of interference of the main high-power laser
beam with low intensity emission propagated at small angles ¢ to the basic.
The variations in the intensity lead to spatial modulation of the index of
refraction of the medium, which, in turn, increases the fraction of the
energy in the scattered emission and induced optical inhomogeneity. 1In
reference [13] it is demonstrated that the distortions in the intensity dis-
tribution with_transverse dimension a~}/(¢n) increase at a distance L, as
expl{kL(yJ~k2/4k?)~1/2}, where k=2n/a and k=2mn/A, J is the average value of
the radiation flux density in a laser beam.

_ The distortions with characteristic dimension determined by the equality

Kiax=2kzyJ are the most upstable. Their g@g}};u@e Jnax increases as

L
Jinax (L) = Jinax (U) €xp {Ev (7w dl},
0 N

- and the self-focusing length is

AT _ "2 (1.23)
D WE

Key: 1. sf
In reference [14] a study is made of the development of small-scale distor-
tions in the laser beam propagated in an amplifying nonlinear medium. Here
it was considered that J(L)=J0exp(oNindL).
According to. the calculations using the above-presented formulas for a
medium having gain G>6.5, the inhomogeneities (distortions) with
Kmax=0.8knyian/nO are most unstable, the magnitude of which increases by
the law

(1)

Juax (1) == Jmax (0) oxp {0,7-_»57: Yt ((,N")-,} (1.24)
0

Key: 1. inp

where-ji is the average energy flux density of laser emission at the input
of the amplifying medium, (oNj,q) is the specific gain of the medium.
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Consequently, for fixed emission power at the exit of the laser system, the
buildup increment of the instabilities is inversely proportional to the
specific gain of the inverse medium,- and the energy flux density which can
be obtained at the output of the laser system for given distortions of the
wave front is proportional te. the square of the specific gain. With a gain

G<6.5, as the gain increases, the value of Kmax varies from

i/ﬁYEian/no to O.SQ/fEian/no [14]. Let us again note that the above-

presented formulas are wvalid under the condition IJKdK/J <<1, where IJKdK

is the total energy flux density of the emission responsible for small-scale
self-focusing. For IJKdK/J0~1 the self-focusing theory is significantly
complicated and becomes less obvious than the linear theory of development of
small-scale instabilities.

Let us present the characteristic self-focusin§ parameters calculated for
phosphate glass of the LGS-M type: ny~1.0°10~ 3 em2/volt2, y=2.76.10"16 cm2/
watt, the critical power in the beam is 2.5-107 watts. In glass with
absorption coefficient k=10"3 curl, self-focusing of a laser beam 2 gm in
diameter is observed with the flux density greater than 5:102 wattg/cm®.

In the same glass small-scale focusing begins to develop at J>2:108 watts/cm2.
With a density J>3:102 watts/cm?, the radiation components with a divergence
of 1.5+10~3 rad are the most amplifying. They cause transverse modulation in
the intensity distribution of the laser beam with a wavelength of 0.7 mm.

The gain of the distortions is 6:10"2 cm~l, and the gelf-focusing length is
about 50 cm. If a flux demsity of ~3'10° watts/cm? is obtained at the
output of an amplifier about 50 cm long with G-7.5, then self-focusing
does not develop, and 5 times less energy goes into the small-scale distortions
than in the nonamplifying glass.

According to the data presented in [12, 141, it is possible to neglect the
influence of self-focusing (small 3?Er;§F§¢T5°aIE) if the condition

T
' ?%yji(z)dz<3, (1.25)
0

is satisfied, where J(2) is the average flux density Cwatts/cmz) in the cross
section lagging a distance £ behind the input cross section of the nonlinear
medium (glass), L is the total length of the nonlinear medium, The physical
meaning of this condition is clear: as a result of nonlinearity of the
index of refraction, the emission phase advance must not exceed A/2, and the
variation of the divergence angle must be less than the diffraction angle.

The value of ny for glass was determined by the interference method with a
laser pulse duration on the order of 1010 gecond. The increase in the index
of refraction in the investigated glass with an increase in emission intensity
leads to shift of the interference bands proportional to nj.

In performing these measurements, it is important to insure space and time

coincidence of the integrating beams on the recording instrument and also
sufficient time resolution when recording the interferograms [15, 16].
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Table 1.1
- Mgy 10713 cm®/volt”. .
Types .of glass . ™ Vb “expériment  calculation
Silicate o
LGS-247-2(GLS~7) 1.5494 52 1.5%0.2 1.70
GLsS-1 1.534 58 1.4120,14 1.40
ED-2 1.567 54 1.52+0.3 1.70
Phosphate
GLS-22 1.595 57 - 1.70
) LGS-1I 1.580 65 1.220.2 1.35
LGS-M 1.532 66 1.0£0.15 1.15
KGSS-1161 1.530 64 - 1.18
GH-6 1.532 66 1.0120.1 1.15
EV-2 1,512 68 0.95 1.05
Fluophosphate
LGS-F 1,490 82 - 0.70

~
~

' Kel,

» n L N L
e I I R R
o . . Vn

Figure 1.2. n, as a function of np and v, for silicate and
phosphate glass (1), fluosilicate and fluophosphate glass (2)
and fluoberyllate glass (3). The numbers on the dotted curves
indicate values of nj in units of 10-13 em?/volt2,

The value of n, can also be calculated, defining the focal length of the
nonlinear lens“created on propagation of the light beam with known power and
gaussian distribution of the intensity [17].
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Using the Lorenz-Lorentz formula, the authors of reference [18] derived a
formula in which ny is expressed in terms of the optical constants of glass

np and the Abbe number (or dispersion coefficient) vD=( -1)/(nF-nC) (np), ng,
ng are the indexes of refrdction of glass on wavelengths of 587.,6,
486.1 and 636.3 nm, respectively) as follaws:
B e ) '“‘0'8—"’:‘_“__1”_ 2" —2"2"" o - . .-
", - (,D ?'(HD+. ) T 10~ entfipp 1t
‘11,017 2 —
vy [ 4] +[('l{)+ )(np"'?) vD] 6',‘D} (1.26)

The values of n, calculated by this formula agree well with the experimentally
measured values (with an error to:-10 to 15%), including when n2<2.5-10'13 cm?/
volt2, For materials with n2>2.5910'13 cm2/volt2, the calculated values are
systematically less than the experimental values.

The values of n, measured experimentally and calculated by formula (1.26) are
presented in Table 1.1 for Soviet and foreign laser glass.

The dotted lines in Figure 1.2 show the possible values of n, for different
glass [14-17]. The index of refraction nyp and dispersion coefficient vy

are plotted on the coordinate axes. In pgoaphate glass the values of ny are
much less than in silicate glass. Fluophosphate and fluoberyllate glass has
minimum values. However, these types of glass are inferior to phosphate glass
with respect to technological characteristics and magnitudes of the cross
sections of the induced emission of the Nd”" ion.

§1,3. Resistance of Glass to Laser Emission

The first papers in which breakdown of transparent dielectrics by laser emission
was noted were published in 1964 to 1965. Since that time basic research

has been done both with respect to the physical principles of optical break-
down and the methods of increasing the resistance of dielectrics (including
glass) to laser emission; the results of this research are generalized in the
surveys [19-21].

The problems of optical breakdown in materials used in optics are the subject
of conferences held annually by the National Bureau of Standards of the
United States beginning in 1969 [22].

It must be noted that the physical picture of optical breakdown in laser
glass does not differ from that observed in other types of glass. On the
surface of the glass the damage appears at lower energy and flux densities
than in the body of the glass. In the case of damage to glass and light
breakdown, the threshold power on the entrance surface of the sample is
alwvays lower than on the exit surface, which is explained by the difference
in electric field intensities of the emission at the entrance and exit of
the dielectric.

Deterioration of the exit surface begins with the formatton of small spalla-
tions, which, as the radiation intensity grows, increase in size, forming a
network of transverse cracks. The deterioration of the entrance surface

occurs in the majority of cases for flux densities of J>>J, where Jp is the
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energy flux density for which sparks begin to be observed. The damage is
manifested in the form of individual burns which with high radiation intensity
form continuous ring projections, and on exceeding (3~5) Jp, traces of
continuous fusion and chips occur in the glass.

In references [23, 24] it was demonstrated for the first time that a reduction
in optical surface density of a dielectric by comparison with the body

density is caused by the presence of absorbing admixtures. Such admixtures
include the remains of abrasives, hydration of salt entering into the composi-
tion of the glass by atmospheric moisture, and so on. The concentration of the
absorbing admixtures in the surface layer up to 2°10~% cm thick is estimated
at 108 em~3, and the absorption cross section is 1079 to 10711 cm?. Absorbing
the radiation energy, the admixtures are heated to high temperatures, and the
adjacent volume of the glass is heated as a result of thermal conductivity.

With high radiation intensity, part of the material evaporates, and further
heating of it to the state of a low temperature plasma and the formation of
holes on the surface of the glass take place. On cooling of the heated region,
stresses and cracks appear in the glass.

It must be noted that multiple reflections in the crack layer of the glass

increasing the local intensity of the emission also lead to significant lower-
ing of the breakdown threshold.

It is obvious that the admixtures and defects in the glass surface have
distribution with respect to size and absorbing capacity. Therefore the
threshold of optical breakdown which depends on the parameters of the irradi-
ated admixture also has high dispersion. With an increase in the transverse
cross section of the laser beam incident on the surface of the glass, the
probability that an admixture capable of initiating optical breakdown for
given flux density will be irradiated increases, and the glass breakdown
threshold ig lowered. On variation of the laser beam cross section from

3 to 130 mm“, a monotonic decrease (up to tenfold) in the radiation flux
causing damage to the surface of the glass K-8 from the first shot with a
probability of about 50% was observed. It is also obvious that the body of
the glass adjacent to the admixture and heated as a result of thermal conduc-
tivity, increases with an increase in pulse duration t, 15, even in the case
where the thermal conductivity of the glass and the absorbing capacity of the
admixture do not change on heating. The radiation energy causing damage to
the glass must increase as the square root of the pulse duration.

The values of the flux density for which damage to the surface of the K-8 glass
and GLS-1 laser glass begins for different laser pulse durations t, 14, are
presented in Table 1.2 [26]. The experimental results presented in it were
obtained for light beam cross sections of about 1 em?. The relation between
Jp and tpulse is described quite well by the expression

Tp &)/ Tp (t)'= (ts/ tl)m-
According to the data presented in [21, 22], the failure threshold also

decreases monotonically with an increase in the pulse duration, but it does
not always follow such a simple function.
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Numerous experiments indicate that the application of any of the methods of
obtaining a surface of increased purity leads to an increase in the optical
breakdown threshold [21, 22]. The application of pickling of the glass sur-
face during the polishing process is especially efficient. The failure
threshold rises with the process of machining the surface by more than an
order--to 300-350 joules/cm2 for t»ulse?50-10'9 second. Unfortunately, the
pickling effect turns out to be unstable. With time the light strength of
the surface spontaneously drops to the usual values. The reason for this
probably 1s looseness of the surface during hydration and contamination by
the dust particles in the air,

Table 1.2 .
‘e B e (D)
3
(1) c;g)r\no'l(-a l CTeHY0 ric-1
\I7 7t/ .
g.40™1 — f-—2)- 1010
z}gn ‘ 10 U, 10
FER I e - )
1ol { e i 48108
1-107% l 20yl 1,5.10¢
Key:
1. t second .
se’
2. Fgfiure flux density, watts/cn?
3. Glass kK-8
4, Glass GLS-1

The body failure of the glass can be broken down into two types: the differ-
ent types of internal chipping. (cracks) and long hairline damage. The
chipping, as a rule, is obtained in glass during lasing and amplification of
the laser pulses with high energy demsity (10 joules/cm? and higher), which
is usually achieved with a pulse duration of 10~2 to 10~° second. The hair-
line damage 1 to 5 microns in diameter and 10 cm long (and more) appears in
the glass under the effect of light pulses with energy flux demsities exceed-
ing 108 watts/cm?. The radiation energy density can be low (0.1 joule/cm?).

The thresholds of the hairline damage practically coincide with the thresholds
of small-scale self-focusing which sharply increases the local intensity of
radiation. Quite simple data about this type of damage is presented in [21, 22].

The cause of the low threshold of body breakdown of glass is the presence

in the body of the glass of large (10-3 to 10~2 cm) defects of process origin.
Their concentration is less than 10 defects per liter of glass. The process
causes of the formation of these inclusions in laser glass is rupture of the
founding vessel (including platinum) by the glass melt, contamination of the
initial glass charge with admixtures, microcrystallization and microliquation
processes. The rupture thresholds of glass on metal platinum inclusions
under the effect of a quasicontinuous pulse of duration on the order of

10~3 sec vary from 100 to 500 joules/cm2 depending on the type of glass. The
chips on the ceramic inclusions appear at somewhat higher densities (200 to
800 joules/tmz). The pnodal stria cause rupture of the glass for energy
densities exceeding 10~ joules/cm”.
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In the case of the above-enumerated defects, the failure thresholds with laser
pulse duration of 10~/ to 10-8 sec are an order lower than indicated.

Heating by laser emission of the inclusions of smaller dimensions (0.1 to 1
micron) leads to the appearance of stresses in the adjacent microvolumes of
glass and quite strong scattering of light. On repeated irradiation, the
regions scattering the light spread, the magnitude of the thermoelastic
stresses in them reaches the ultimate strength of the glass, and cracks appear.
The failure threshold for t ulse“10_3 gsec in this case is greater than
103 joules/cmz. In defect—gree regions of glass, the flux density threshold
leading to rupture coincides with the threshold for the case of development of
an electron avalanche and 1s about 61010 yatts/cm?2 for tpulsel‘S-lO'S sec.
. The theory of thermal failure of glass for the 'case where the parameters of
the medium and the absorption coefficient of the inclusions do not depend on
the temperature, developed in [24], agrees well with the experiment for sizes
of the inclusions of 0.1 micron or more. The nonlinear theory of thermal
failure, considering the dependence of the absorption and thermal conductivity €O-
efficients On temperature’' and considering failure as thermal explosion of the
inclusions, predicted a decrease in the "dangerous' size of the inclusions by
almost an order, and it also explained the threshold nature of the light break-
down of glass and the existence of threshold glow [27].

Unfortunately, the literature has no data on the thresholds of optical break-
down of phosphate laser glass. However, the operating experience of AE made
from phosphate glass in lasers for various purposes indicates that with
respect to radiation resistance, they do not differ from silicate glass.

§1.4. Thermooptical Distortions in Active Laser Elements

During lasing, the laser active element (AE) heats up. The primary causes of
heating are absorption of the pumping emission by the glass matrix (funda-
mental and admixture), Stokes losses on transition from high excited levels to
the metastable level of the activator, nonradiating losses as a result of
difference in quantum yield of the luminescence from the metastable level from
one, nonradiating transitions from the lower operating levels (for the four-
level lasing system) to the main level of the activator. Usually during opera-
tion of the laser, efforts are made to achieve uniform absorption of the ILN
emission in the body of the AE; here the heat release with respect to the
volume will also be uniform. However, the temperature with respect to cross
section of the AE varies as a result of finite (and very small) thermal con-
ductivity of glass and differences in the cooling conditions between the edges
and the center of the AE. Other possible causes of temperature variation

are inhomogeneities of the emission of the pumping tubes and absorption of

the emission with respect to the body of the AE (deviation from uniformity of
pumping), thermal heating of the surface of the element from the pumping tube,
and so on. These causes are related to peculiarities in the structural design
of the illuminator and can be eliminated on improvement. of it; therefore we
shall not consider them here.

29

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

FOR OFFICIAL USE ONLY

The optical properties of the active element during heating vary, but the
front of the lightwave passing through it, as a rule, is distorted. These
distortions are called thermooptical. For laser elements this effect was
noted for the first time cbviously in reference [28]. 1In this item we shall
present general formulas which describe the thermooptical distortions, brief
information about the thermooptical characteristics of phosphate and (for
comparison) silicate laser glass, and we shall demonstrate the influence of
the thermooptical distortions on the energy and divergence of the glass laser
emission. The dependence of the variation of the thermooptical properties of
phosphate glass and its composition will be investigated in more detail in
§5.1 and then in §§5.2 and 5.3 the general arguments of the given section will
be more specifically defined for two important cases of practical application
of phosphate glass, in pulse periodic lasers and powerful laser systems.

Thermooptical distortions are related to two basic causes. First, the index
of refraction of the glass n varies with temperature and, consequently, the
length of the optical path in the element varies., This case is realized in

a uniformly heated AE in the form of a rectangular plate with unattached ends.
In the presence of a temperature gradient with respect to cross section of the
active element, the length of the optical path at different points of the
cross section is different. A platy AE with linear temperature gradient along
one of the coordinate directions of the cross section is an example. In both
of the indicated cases, mechanical stresses do not arise in the active element.
The optical properties of such elements are invegtigated in [29-32], and they
are characterized by the thermooptical constant W=dn/dT+aT(n-1), where ap is
the coefficient of linear thermal expansion, T is the temperature. For an
element of length L, the difference of the optical paths Ap for points of the
cross section in which the temperatures differ by AT, is defined by the
simple relation [29-33]

Ap=LWAT. (1.27)

This formula serves for determination of the value of W either with uniform
heating of the optical element and simultaneous recording of the variation of
Ap [34] or with creation in the platy AE of a linear temperature gradient
along one coordinate and comparison of the optical paths for beams traveling
through the sections of the cross section with different temperature [32].

The second cause of thermooptical distortions is the photoelastic effect,

We shall consider two types of the most widespread AE here--the above-men-

tioned rectangular plate L in length and 2h thick, and a cylinder of radius R

and length L (here two versions are possible--a long cylinder with L>>R

which we shall consider in the greatest detail, and a disc with R:L. On heat-

ing, mechanical stresses arise in the cylindrical AE and in the plate AE

with fastened ends or nonlinear temperature distribution with respect to

cross section. The orientation of the two principal axes nj and ny of the

stress tensor in the cross section of the cylinder and the plate is illustrated
B in Figure 1.3 [35]. The stress with respect to the third axis ng=n,, is

directed alonz the elongation L of the plate or the cylinder (perpendicular

to the plane of the drawing). For a cylindrical AE, the two main components
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of the stress tensor in the circular cross section are directed along the
radius of the AE (nj=n,,) and perpendicular to the radius (ny=n,,). For the
plate AE the stresses N1=Nyy and ny=n__ in the cross section perpendicular

to the elongation, are parallel to the faces of the plate except the regions
near the boundaries of the AE noted in Figure 1,3 by the crosshatched area
where the boundary effects are felt (just as on the fastened ends of the long
plates; see, for example [35, 36]). These regions are not considered further.

Figure 1.3. Orientation of the principal axes nj and n, of
the stess tensor in the cross section of a cylindrical %a)

and plate (b) AE [35]. The areas in which boundary effects
are observed are crosshatched.

Let us first analyze the thermooptical distortions in a cylindrical AE.
Usually it is assumed that the temperature distribution in such an element
is radially symmetric and does not vary with respect to length of the AE.
-The directions of the principal axes of the stress tensor in such a case
corresponds to Figure 1.3, and the components of the stress tensor reduced
to the principal axes are [31, 37, 38]:

VB (TR T -
n"==—"1__.“ ?—T N

T (1.28)

Lo ok (T .
n@?= 1 _p('ég '{"i"‘— T(I‘)),
Bz = Ner + Uy -

Here O is the coefficient of thermal expansion (KTR), E is the modulus of
elasticity, p is the Poisson coefficient, Tp and T_ are the average rempera-—
ture with respect to the entire cross section of the AE and with respect to
the cross section of radius r, respectively:

.n -
Yo 2
Th= FIT(r) rdr,
0
e’
» 2
Z'q=FJ'T(r)rdr.
0
In the presence of stresses, the indexes of refraction for beams with linear

polarization in the direction of the radius of the element and perpendicular
to it will differ as a result of the photoelastic effect, which for a body
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isotropic in the free state is characterized by the photoelastic constants
C; and Cy describing the variation of the index of refractions of light with
oscillations parallel and perpendicular to the direction of the stresses
{37, 39]. (In some experiments the values of B, , and B having signs:
opp§site to the signs of C1 and 02 are used insééad of e values of Cq and
C2

Knowing the magnitudes of the stresses in the AE, it 1s possible to calculate
the variations in length of the optical path., The calculation for the steady-
state case--lasing in the continuous mode or in the steady-state mode with
periodic pulse repetition with off-duty factor exceeding the thermal relaxation
time in the AF--is the simplest. If the directions of the principal axes of
the stress tensor r and ¢ (the radial and tangential polarization) lie in the
polarization plane of the light wave, the variation in length of the optical
path Ap at a distance r from the axis of the cylindrical AE is given by the
following expressions [31, 37, 33):

an= - Ec)re- |
e 0.)1',|[ar(n—1>+ o
+ g €436 Tale 0
) ape = L{[3 T-—(c,+c.)]T(r) b (1.29)
| + g Cr— O Tr+[¢r(ﬂ—1)+-
- L 36)| 7

Here the notation is analogous to that used previously. In these formulas

the temperature dependence of the physical characteristics of the glass
(except n) is not considered, and dn/dT is assumed constant. This is admissi-
ble only for small average pumping powers per unit volume of AE and for
lightly varying operating temperature of the laser. Below, we shall demon-
strate how important it is in a number of cases to consider the temperature
variations of the properties of the glass. The above-presented formulas per-
tain to the steady-state case. In the single and rare pulse mode, the temper-
ature of the AE depends on the time. This case and also the operating mode

of the lager transitional to steady-state are discussed in detail in a number
of papers [31, 38, 40-43].

For plate AE usually the case most frequently realized in laser systems is
considered where the temperature varies only along the thickness of the plate
(the coordinate x in Figure 1.3, b). Then under the assumption that surface
forces are absent, the regime of the two-dimensional stressed state is
realized for the AE with the followin§ values of the principal components of
the stress tensor [29, 31]:

h ’
= ap E i . .
n: M = 1 - [ R jl 7 (.2) da — T(_T)J' ) (1.30)
e - -h

Nxx = 0.
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The corresponding expressions for the differences in optical paths in the
plate AE have the form [29, 31]

Ap(e) = L[8— 2 o] 7o)
a;E'

e _ (1.31)
85, = L[~ 2 G 0] T

In [38, 42] it was demonstrated that when determining the absolute magnitude
of the variation of the index of refraction of glass it is necessary also to
consider the contribution from the excited activator ions which will be con-
sidered below. However, in the majority of cases the radial dependence of
n for small temperature gradients in the cylindrical AE is described well by
the formulas analogous to (1.29),

These formulas are simplified significantly if we use the so-called thermo-
optical characteristics P, W and Q which are combinations of other physico-
chemical parameters of the glass and, what is very significant, can be
determined independently [33, 44, 45]:

d
- =g +ar(n—1),

_dn arE (1.32)
P“‘ﬁ—g(i _'“')(Cx + 303):
arB
Q= ————2“T_ 5 (€= Co).

The value of W already mentioned earlier characterizes the variation of the
optical path in the AE free of stresses, P characterizes the magnitude of the
optical inhomogeneity averaged for two polarizations in the AE with mechani-
cal stresses, Q characterizes the magnitude of the optical anisotropy induced
by the stresses (birefringence). Now expressions (1.29), (1.31) can be re-
written in the form [31]

Aprglry=1L [(I.J +0Q) f'(r) -=F707r +.(W—- P) T'g. (1.33)

Here the top signs pertain to the radial stress (r-polarization), and the lower
signs, to the tangential stress (¢~polarization. For plate AE [31], we have
. ST

"Apey (@) ='L [(W— P+ Q) o f T(2)dz | (P Q)T (x)].

LA (1.34)

The upper sign here pertains to light polarized along the x-axis, and the
lower sign, along the y-axis. Values of W, P and Q and their temperature
derivatives for a number of silicate and phosphate laser glasses are presented
in Table 1.3. More detailed data can be found in [47, 48]. The thermo-
optical characteristics vary linearly with the temperature in the first approx—
imation [34, 48, 49]. W and P increase with an increase in temperature,

their temperature coefficlents are similar, and for laser glass they amount

to (0.09 to 0.25)-10~7 K2 [34, 49]. The value of dqQ/dT is appreciably
smaller: (-0.01 to 0.03):10~7 K2, and the temperature variation of O can be
neglected. In formulas for thermooptical distortioms it is necessary to use
values of P and W corresponding to the temperature of the medium surrounding
the laser AE.
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Table 1.3
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Silicate. [ - ' "

GLS~% . .| 38 32| 6 [046]0,23] —0,0t

it | e | 3| 4w o

kG852 2888 = s T Z {08 oot

Phosphate ’

Ebg g o 0 |—2] 4 |o13[044]| o001
=25 =25 1 — |10 |~ ]| — -

LGS-56 . ‘ 95. | — 11,5 — | — —

%gg-é;i**“ 6 | —4] 47044 -

"G ’ -6 581009 - —_
KGSS--16% s [Tl as| =T Z
KGSS-V91 99% 11,5 31 — | - “-

KGSS=V133#* - . 14,5 11 |- - -
KGSS-V133* 10 [ —1] 15| - | - -

e

*Lead phosphate glass with small values of Q [49]; the characteristic W for
this type of glass is measured for 70°C at X =0.644 micron. For the majority
of other types of glass the characteristics are presented for 0°C and

A=1.06 microns.

**1=0,63 micron.

For practice, it is not the absolute value of the difference in optical
paths for a defined cross section of AE that is important, but the variation
of Ap with respect to cross section, which depends on the form of the AE and
the temperature distribution. The case of heat release which is uniform
with respect to volume and constant in time is considered most frequently.
Under these steady-state conditions the temperature distributions in the AE
are parabolic [31, 35, 50] and for cylindrical and plate AE they have the

form
T(r)="T,+ AT, _1—_‘——-),
=1 d)(. " (1.35)
Key: 1. cyl '
. 2 (1.36)
Key: 1. rect T(”) To +ATﬂ (1"',7')
(6
Here r and x are current coordinates for the cylindrical and rectangular
plate AE, respectively, AT, and AT are the temperature gfadients between
the center and the surface %ﬁaving a temperature Tg) of the cylindrical and

rectangular AE., For small AT, where it is possible. to neglect the temperature
dependence of the thermooptical characteristics, the differences in the
optical paths between the center of the AE and some point of the cross sec-
tion for the cylindrical and rectangular AE are equal to the following,
respectively [31, 35, 50]:
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' A
Bpro @) = Bprg () = L(P L) ATy T,
' » D7 (1.37)
Key: 1. cyl
Apsy (©) — Apey (2) = L(P £ Q) AT,,_;;, 1.39)

(D
Key: 1. rect

Here let us determine the differences of the optical paths for beams with
orthogonal polarizations coinciding with respect to directions with the prin-
cipal axes of the stress tensor in the transverse cross section of the AE:

Ap: (r) — Bpy (1) .=',LA‘298 ;T”" (1.39)
Key: 1. cyl '
. , .
Aps () — Ap (@) = 2LATHQ o (1.40)

Key: 1. rect

The phase shift between these beams can be .obtained by multiplying the right-—
hand sides of the last two formulas by 2m/), where ) is the wavelength of the
light. The quadratic dependence of the phase shift on the coordinate indi-
cates that the cylindrical AE is equivalent to a spherical lens, and the
plate AE 1is equivalent to a cylindrical lems. Here, for the plate AE the
light linearly polarized with respect to x or y axis retains linear polariza-
tion on passage through the AE.

The energy characteristics and divergence of the laser emission depend on the
thermooptical distortions, In a resonator with fldt mirrors and AE, with
respect to the cross section of which the difference of the optical path
changes, the angular divergence 6 is proportional to the square root of the
difference of the optical paths in the AE [51, 52]. This difference 'is con-
sidered equal to the sum of the moduli of the maximum and minimum (having
ordinarily another sign and the maximum) distortions of the light wave front
passing through the AE. We shall discuss this problem in more detail in §5.2
devoted to pulse-periodic lasers. In accordance with the formulas (1.37) and
(1.38) for difference of the optical paths, the divergence increases with an
increase in the average pumping power determining the temperature gradient

in the AE and with an increase in the values of (P1Q/2) or (PiQ). The closer
to zero these values, the smaller the divergence and for the same lasing
energy, the higher the radiation brightness. In Figure 1.4 the angular
divergence is presented for the emission of a periodic laser with cylindrical
cooled AE 7 mm in diameter and 120 mm long as a function of the temperature
gradient in the AE. The values of P and Q for the majority of these types of
glass are presented in Table 1.3.
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_ For small pumping powers where the temperature gradients and the thermo-
optical distortions are small, the lasing energy increases with an increase
in the pumping power (Figure 1.5). Then as the optical strength of the
thermal lens increases, the lasing emergy tegins to decrease. For GLS-1

= glass, the focal length of the induced positive lens decreases with an in-
crease in pumping power (Figure 1.6), TFigure 1.7 shows the variation in
lasing energy in each pulse with an increase in pumping power for glass with
different values of (P#Q/2)., Here the lasing energy drop takes place faster
the larger the dispersing effect of the thermal lens, that is, the smaller
the value of (P-Q/2) in the negative region. Since the thermooptical char-
acteristics vary with temperature, in.reference [42] the concept of the
optimal temperature Ty was introduced, for which the values of (P-Q) or (P-0/2)
are equal to zero for rectangular and cylindrical AE, respectively, for
neodymium containing glass on a wavelength of 1.06 microns. From Figure 1.7,
where the data are presented for room temperature, it is obvious that for
(P-Q/2)=0 the energy parameters of the laser are the best.

The measurement of the values of P and Q entering into the formulas (1.37),

(1.38) is quite labor intensive, and therefore in a number of papers efforts

are mdde to relate the values »f the focal lengths of the thermal lenses and

the_generating characteristics of the lzsers to the more easily measured value

of W, Thus, in [57] it was found that the focal length of the thermal lems_

in the AE increases with a decrease in absolute magnitude of W, Values of W,

the angles of divergence 6 in the single pulse mode and in the periodic mode

and the relative efficiency of the laser (with respect to the efficiency of

GLS-1 glass) are presented in Table 1.4 for a number of types of laser glass

[54]. 1In the periodic mode the measurements were taken on cylindrical AE

20 mm in diameter and 260 mm long which together with the IFP-5000 tube were

placed in a block of LK-318 glass silvered on the outside. The cooling of

the rod and the tube was realized by running water. The pulse frequency was

equal to 0.1 hertz, the average pumping power was 400 watts. In the single

- pulse mode the pumping was carried out in an illumirator with four tubes
IFP-5000, the pumping energy was 18 kilojoules, the pulse duration was 1 milli-
second. As we shall see, in order to increase the radiation brightness as a

- result of decreasing divergence while retaining the efficiency, the value of
|W] must not exceed 10+10~/ K-1 [54]. The correlation of the values of W and
the thermooptical distortions characterjized by (P+Q/2) (see (1.37)), is
related to the linear relation between W and P for a series of glass types
found in reference [55] when investigating a large number of types of glass
of different composition. The situation changes for the "athermal" glasses
with small values of P [48]. As an example, in Figure 1.8 the variation of
the focal power of the thermal lens in cylindrical AE 7 mm in diameter by 130 mm
with an increase in temperature gradient is illustrated for two types of glass
[56]. For large values of the thermooptical characteristics W and P, when
the contribution of the value of Q is small (the values of Q_for the majority
of ordinary types of laser glass do not exceed 1¢ 10-6 K1), W can be used
with admissible error for estimating the magnitude of the thermooptical dis—
tortions. For "athermal" types of glass with P2Q, use of W in place of
P and Q can lead to improper conclusions regarding the magnitude and nature
of variation of the induced optical inhomogeneity (the glass GLS-22,
previously KGSS-1621). However, even in this case by the value of W it is
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possible to judge that the given glass must belong to the class of "athermal"
glass. The value of W depends on the dispersion of the index of refraction

( 0) e
it!

J
Y 0 20 30

1 -}

g I;I ST 2’]0 -'704,),(':40 ‘ ) £, 187 )
Figure 1.4. Angular divergence of Figure 1.5. Lasing power per pulse
the emission of a periodic laser W, as a function of pumping power
with cylindrical AE made of €pump for a cylindrical active
GLS-1 glass (1), GLS-2 glass (2), clement 6 mn in diameter by 130 mm
KGSS-3 glass (3) and GLS-22 made of GLS-1 glass (50]
glass (4) [52]. Key:
The dots are the experimental 1. W _, millijoules
data, and the curves are the 2. Epgmp’ kilowatts
calculated data.

- Key:

a. 6, minutes
» 100

. oM

87+

! 25 ennn(a) ,
Figure 1.6. Focal length f of the induced positive lens as a

function of pumping power for a cylindrical AE 6 mm in diameter
by 130 mm made of GLS -1 glass [50].

1 -~ ¢~polarization, 2 -- r-polarization
Key: a. € pump? kilowatts
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Figure 1.7. Variation of the lasing power with an increase in
average pumping power [56].

Glass KGSS-1621 (1), KGSS-9199 (1'),  KGSS-V-16 (2), KGSS=91 2"
and KGSS-V-70 (3). (P-Q/2)=0 (1), 0.5-10~7 (1'), -4-10"7 (2),
-5.10=7 (2') and -12-10-7 K-1 (3); (P+Q/2)=4-10-7 (1), 1.5-10~7
1"y, -2.5x10-7 (2), -3:10-7 (2'), and -10-10~7 K~1 (3).

The solid line is the calculated values for (P+Q/2)t=-’--4-10'7 K1,
The ratios of W, for the investigated pumping powers to Wg

in the single pulse mode are plotted on the y-axis.

Key: .
' a. epump’ watts

- Table 1.4

) Nd>* con- W, 10-7 8 in the Relative 6 in the
Types of glass centration, K1, periodic effi- single

% by weight 2A=1,06 mode, ciency pulse mode,
' ~ . miérons  minutes " minutes

LGS-36-2 2 55 18 1.1 5.6
GLS-1 2 38 16 1.0 5.2
KGSS-3 2 17 9 0.8 3.7
Silicate 3 11 10 1.0 3.1
Silicate 3 8 8 0.9 2.8
Silicate 2 6 6 0.8 2.2
Borophosphate LGS-41 3.5 4 8 1.2 -
Silicate 2 2,5 7 - -

- Silicate LGS-44 2 -1 7.5 0.7 1.5
Phosphate LGS-40 3.5 -16 15.5 1.1 5.6

[39, 49]. Table 1.5 shows the most probable values of W on wavelengths of
644 and 508 nm for silicate and phosphate glass corresponding to the zero
values of the thermooptical characteristics of P for a wavelength of 1.06
picrons at a temperature of 30°C,. depending on the differences in the indexes
of refraction for two spectral lines of hydrogen Ap and Aq (wavelengths of
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Figure 1.8. Relation of the focal power of a thermal lens
to the glass parameter [56].

= The experimental values of the focal power of the thermal lens
corresponding to radial 1/f. (1) and tangential 1/f¢ (2)
polarization power respectively

Key:
a. GLS-2
_ b. KGSS-1621
Table 1.5
PO R
. . o°c
(Rp=ng)- 108 W, 107 K™ for?
B A=6i M| A=508nm
1000 |35 19
1500 -45 23
1900 17 30
Table 1.6
Cvlindrical AE |Plate AE
Type of o . e
olass T,.'C Toer C Top €. Ty, G
GLS-1 —152 —125 —165 ]  —u3
GLS-2 —113 —178 —130 —64
Kegsqos0 | i | RO | @
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486.1 and 656.3 nm) [46]. The values of W in Table 1.5 are somewhat higher
than those found in [54] when looking for laser glass insuring high radiation
brightness. Measuring W, it is thus possible to select the compositions of
the "athermal" glasses wich small P and then more precisely determine the
thermooptical characteristics for compositions close to optimal,

For large average pumping power the temperature gradient in the AE can reach
100K or more [57, 59]. 1In this case it is necessary to consider the tempera-—
ture dependence of the thermooptical characteristics, primarily P, for

dQ/dT=0 [49). Then the expression for the difference of the optical paths
between the center of the AE and the points with the coordinates E equal to r/R
or x/h, respectively, for a cylinder and a plate, acquires the following form

[52]: . _
APrgix,y &) = LAT [ny(r gz, (T, AT) £2 AT)EY, v
P " v @) = LAT [nyr g;x0) (7, AT) §2 -+ 0y (AT) £ L4
where ny= —08AT, 9=%zg,
Taronr (Ty ATg) = Py Qof2 -+ 8 (T -+ 2AT,), (1.42)
- Ry(xy) (T ATy) = Py = Qg + O (T - 2AT,). (1.43)

Here T is the temperature of the lateral surface of the AE reckoned from the
standard for which the values of Pg and Qp are introduced (for example, 0°C).
Thus, in order to decrease the thermooptical distortions, glass is needed
with small values not only of Pg-and Q4, but also 6. Considering formulas
(1.42), (1.43), the values of the "optimal" temperature minimizing the values
of ny (T,03 X,y)° in accordance with [44] are defined by the following
expressions” for cylindrical and plate AE:

Torsg = — (Po = Qu/2)/6, (1.44)

Tox o= — (Po £ Q0. (1.45)

The optimal operating temperatures of lasers with cylindrical and plate AE
calculated by these formulas are presented in Table 1.6 [52], GLS-22 is
phosphate glass, and the remainder of the glass is silicate glass. Figure 1.9
shows the temperature dependence of the angular divergence and lasing energy
of the periodic laser with cooled cylindrical AE 10 mm in diameter by 120 mm
made of GLS-2 and GLS-22 glasss with a temperature gradient AT between the
axis and the surface equal to 20°C. As we shall see, the minimum divergence
of the emission is reached in the temperature range between the values of

Tor and To¢ (for rectangular AE, between T,y and T ., respectively). The
optimal temperature previously determined in reference [49] for lasers with
small temperature gradient usually decreases in this interval, but the
valuesof T, considering the temperature dependence of the thermooptical prop-
erties are physically more substantiated. For T<T,, the radiation pulse energy
(Figure 1.9, b) decreases, which can be explained TSZ] by an increase in
losses in the resonator as a result of deflections of the beams by the
peripheral zones of the AE permits access and exit of them from the resonator.
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The formulas (1.44) and (1.45) are imexact, for they consider vanishing only
of the wvalue of M (x,6; X,y) (see (1.42), (1.43)). Here additional distor-

) tions determined by ny and depending on the coordinates, 6 and AT are
retained. In §5.2 when analyzing the thermooptical distortions in the AE
of pulse-periodic lasers, it will he demonstrated that with an increase in ny
at least for one polarization the thermal lens in the AE with. the temperature
gradient can be completely eliminated only for glass with 6=0, In real opti-
cal glass,,however, 620.04°10~7 K-2, and for ordinary laser glass
020,14+ 10~7 K2 (Table 1.3), 1In [58-60] it was demonstrated that during
operation of the laser in a wide temperature range the angular divergence and
the emission energy vary sharply as a function of the temperature behavior of

W and P, and this dependence turns out to be the weakest for phosphate glass
type LGS-M with 620.09-10-7 K~2 [59, 60].

(A) Wrem =

v W oY - -t atr
! 7, b) 1w

’

Figure 1.9. Temperature dependence of . angular divergence
8 (a) and lasing energy Ve (b) for GLS-22 glass (1) and
GLS-2 glass (2) [52].
The ratios of the values of W g are plotted on the y-axis
in Figure 1.9, b for the investigated temperatures and at
room temperature,

Key:

A. 6, minutes

On introduction of polarizing elements into the laser cavity, the birefringence
effects in the AE become significant., They can have a sharp negative influence
on the output characteristics of such lasers [61, 62]. Only one characteristic
—-—the value of Q--enters into the expressions-(1.39), (1.40) for the difference
in optical paths of the beams of mutually orthogonal polarizations. One of

the possible methods of improving the characteristics of lasers with polarizing
elements 1is creation of glass with very small values of Q. The requirement of
thermooptical distortions must be satisfied also in this case, and, conse-
quently, the glass must simultaneously have small values P. Such glass can be
created only on a phosphate base [46] (Table 1.3). The variation of Q for
phosphate glass will be considered in detail in §5.1.

Up to now we have talked about - long active elements in the shape of a
cylinder or rectangular plate. In the case of discs, the thermooptical dis—
tortions are characterized not by the previously indicated values of P and Q,
but by the parameters W, R and Q; [63], where

(!

’] 'I' ("'1 C —-C
2

' 01 == a]‘l': ! 7 .2.

Re=ar(n—1)p— azll
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The variation in length of optical path ofmgwpﬂpqlarizations of light is
Aprp(r)=L{W+R £ Q)T (r)— %(%pq: Y
Key: 1. ave -

where Ty, 1s the average temperature of the entire disc, T} is the average
temperature of the section of the disc with the radius r. The variation of
the thermooptical parameters with temperature is not considered here, although
in disc lasers operating in the periodic pulse mode, the temperature gradient
between the center and the edge of the disc can reach 60°C [64]. It is_
possible that the absence of considering the temperature dependence of W, R
and Q; led in reference [63] to significant divergence of the experimental
and calculated values of the sums of W+R. For the glass investigated in
[63], R is a positive value. and therefore in order to obtain the minimum
thermooptical distortions, when the sum W+R must be close to zero, the value
of W must be negative, Actually, the minimum distortions are observed in
discs made of glass with negative values of W [63, 65]. The glass based on
phosphate can have W to -60.10~7 K1 [34]; therefore these types of glass are
well suited to use for disc lasers, However, thermooptical distortions in
the disc active elements and the laws of variation of the values of R and Qi
with the composition of the glass have now been investigated insufficiently
well,

The thermal lens determined by variations of the index of refraction which
are caused by the temperature gradients in the AE was discussed above. The
variation of this thermal lens in time is determined by thermophysical and
geometric parameters of the active element; the time constant of the thermal
lens for the single pulse mode is seconds and more. The other cause of var-
iation of the index of refraction in glass is variation of the polarizability
of the activator ions for transition of them to the excited state which takes
place with time constant corresponding to the lifetime of the activator
luminescence and the component part Nd3+ 0.1 to 1 millisecond. The different
variation rate of the index of refraction offers the possibility of separating
these two effects in the AE [66]. The measurements performed in [66] indicate
that for Nd¥* ions in the glass, the variation of the polarizability A“1.06
on the lasing wavelength for different glass is on the average
(0.840.1)-10-25 cm3. The corresponding variation of the index of refraction
with respect to cross section of the AE for neodymium-doped glass is

Qilg 2“Ai¢|.o'gANH(2)

Key: 1. refr; 2. inv

where ANy, 1s the variation of the inverse population with respect to cross
section of the AE. TIts value is not measured directly. If we assume [66]
that it is about 25% of the threshold inverse population (1.5 to 2):1018 em™3,
the value of AN, ¢, will be about (2 to 3).10~7, For glass with (P+Q)>>0,
this additional variation of n almost has no influence on the focal power of
the total induced optical lens, for the temperature gradient arising in the
AE as a result of one pumping pulse is approximately (0.5 to 20) K [31, 42],
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and An 1s (20 to 100)-10-7 or more, respectively. For (P+Q)Z0, the value of
Anpegr for one of the polarizations will become comparable to the variation
of n as a result of thermal effects during the operation of the laser in the
single pulse mode (small AT), and it will be negligibly small by comparison
with the therml variation of n when operating in the periodic mode
(large AT).

§1.5, Thermophysical Properties and Thermal Strength of Laser Glass

In this section we shall consider the thermal mode of the AE, the thermal
strength of the AE and methods of increasing it and also certain methods of
decreasing the temperature gradients in the AE during operation of the laser.
As a result of poor thermal conductivity of glass, the temperature gradients
in the AE made of glass are appreciably greater than in crystals, For descrip-
tion of the thermal conditions of the AE it is sufficient to consider the case
of uniform heat release with respect to volume in the approximation of a contin-
uously " operating internal heat source. This approximation is the most justi-
fiable for the steady-state with continuous operation of the laser or with
pulse periodic mode with pumping pulse repetition period appreciably less
than the thermal relaxation time of the AE (for example, the repetition fre-
quency is much greater than 0.1 hertz for a cylindrical AE made of glass with
radius of 0.4 cm [31]). 1In this approximation the temperature field T(r, t)
for the cylindrical AE with radius R at a distance r from the AE axis at the
time t is defined as follows [31, 57]:

- ot A

R? 2 P '
T(r,t) — TO=Z—;;‘[1+"I3T"‘—;E—
. v : l":n"' ! 3 .46
- t—%mlo(-i)exp(— uﬁfg)]- (1.46)
n== n " - .

Here T, is the surface temperature, q is the power of the heat release per
unit volume, A, 1s the coefficient of thermal conductivity, a is the tempera-
ture of thermal diffusivity, A, and u, are the coefficients which depend on
the Biot number Bi=&R/ A (@ is the heat exchange coefficient) characterizing
the heat exchange conditions, I is the Bessel function. The temperature
gradient between the center and the edge of the AE is relatively small for
the single pulse mode, it increases in the periodic mode with an increase in
the pulse repetition frequency and it reaches a maximm value of ATBt in the
steady-state mode [31]; it is

. a

ATa=70,9~T (@&, :)=§f;h. (1.47)
...

Key: 1. st

In other words, AT depends on the radius of the AE and on the thermal conduc-

tivity of the material. The transient heating processes were investigated in

a number of papers, for example [38, 40-42, 67, 68]. In these cases the

temperature gradient is less than ATgy, and therefore in order to discover

the limiting possibilities of the AE made of glass, it is sufficient to
consider only the steady-state mode. For plate AE the temperature gradient
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between the center and the side surface in the direction of the x-axis
(Figure 1.3, b) is determined analogously:

v 2
ATey =T
Key: 1, st

Then we shall consider only the cylindrical AE. For the calculations it is
convenlent to characterize the heating state of the AE by the relative
temperature © [31] defined as

8=-(‘T°°_T°

AT yun. 'é 1 )

Key: 1. pulse

where T_ 1s the temperature at the given point of the cross section under
steady-state conditions, Ty is the surface temperature, AT i, is the
increase in the temperature of the AE in one pumping pulse,

AT, ulse=6/cp, where Q is the energy absorbed by a unit volume of the AE in
onB pumping pulse, c and p are the specific heat capacity of the glass and
its density, respectively. The results of calculating the relative tempera-
ture on the axis of the AE made of silicate glass under steady-state conditions
as a function of the pulse repetition frequency and radius of the cylindrical
AE are presented in Table 1.7. The Biot numbers correspond to liquid cooling
of the AE. As follows from the table, the heating is approximately propor-
tional to the pumping pulse repetition frequency.

The magnitude of the relative temperature © under steady-state conditions

for a ruby rod with R=0.2 cm for Bi=10 is 1.1 for 5 hertz and 9.4 for 100 hertz,
that is, as a result of high thermal conductivity the ruby element is heated

10 to 20 times less than the glass element (for the same value of ATpyige).
Since the temperature gradient in the cylindrical rod increases proportionately
to the square of the radius, for glass lasers with high average lasing power

it is expedient to select thin active elements of long length (or in the case
of discs, large cross sectional area). An important characteristic is the
thermal conductivity of the glass which must be selected as large as possible.
The value of A for glass is usually 0.6 to 1.4 watts/(m-K) (0.0014-0.0032
cal/(cm-sec-K) [31, 47, 48]1). The variation of the values of ), for phosphate
glass of different composition will be analyzed in §5.2.

- The temperature gradients lead to the occurrence in the AE of mechanical
stresses. The corresponding expressions are presented in §1.4 (formulas (1.28)).
For a limiting value of the temperature gradient, the stresses exceed the
strength of the glass, which usually is 3 to 10 kg/mm2 [31, 39, 69], and then
failure of the AE takes place. For cylindrical AE 10 mm in diameter and
130 mm long made of silicate glass with the upper defective layer removed by
pickling, the maximum temperature gradient is 70 to 90 K [47, 69]; for phos-
phate glass 25 to 40 K [47, 69, 70] (for more detail see §5.2).
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Table 1.7

Vaitues of 0 for
T . R=0.1cx R=0,2 om R=0,4 cu
‘hertz| pi.go | Bi=100 | Bi=60 | Bi=100 | Bi—60 | Bi=100

133.| 134 824 | 514 -

5 3.6 3,6
10 6.9 6.8 20,2 25,9 104 102
) 13,3 13,4 2,1 51,4 207 | . 204
] 32,7 32,3 130 128 517 510

10 35,0 64,1

259, 255 1034 1020

As is obvious from Table 1.7 and expressions (1.46), (1.47), the temperature
gradient in the AE increases with an increase in the pumping pulse energy
and repetition frequency. The limiting frequency for cylindrical AE (above
which failure of it occurs) under steady-state conditions is determined from
the expression [31] . -

i 7<ﬂnpeuizggzﬁ:?v T (1.48)
(1) 2)
7/

Key: 1. pre; 2. pulse

where n,ro 1s the stress leading to failure of the material, a is the
coefficient of thermal diffusivity (a=)p/cp). For AT,,1ge=1 K and standard
values of the parameters for silicate glass n re=400 g}cmz, aT=190-10‘7 k-1,
E=6.5°10° kg/cmz, u=0.24, a=4'10~3 cm2/sec and R=0.2 cm, we have £<37 hertz.
Using elements made of silicate laser glass with small transverse cross sec~
. tion, it is possible to obtain a pulse repetition frequency of 100 or more
hertz [71, 72] and also lasing in the continuous mode [72, 73]. However, as
a result of large temperature gradients and the thermal lens effect, such
lasers have poor energy charactetistics and their efficiency is 0.02 to 0.1%.

The thermal strength of phosphate glass is usually 2 to 3 times lower than
silicate glass [47, 69, 70]. 1In [73], a study was made of the limiting
registance to pumping power of AE 2.5 mm in diameter made of phosphate,
fluoberyllate and silicate glass. The lasing threshold in a single pulse for
rods made of phosphate, fluoberyllate and silicate glass was. 1.5, 2.6 and 4
joules respectively. The pumping power for which failure of the AE occurred
was 650, 800-1000 and 3000 watts. Phosphate glass turned out to be insuffi-
ciently strong, and lasing in the continuous mode could be realized only on
silicate glass. In the quasicontinuous mode on phosphate glass with the
composition ZnLi4(P03)6, lagsing was obtained on pumping by the emission of

a xenon tube operating on alternating current with a frequency of 50 hertz
[74] (Chapter 4).

It is known that the mechanical and :thermal strength of glass can be increased
by special treatment [39, 75]. In order to harden silicate laser glass,
special mechanical treatment of the surface of the AE with selection of the

optimal height of the unevennesses on the surface [76], fire polishing [76],
pickling of the defective surface layer [47, 69, 77], ion exchange [71, 79],
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- and quenching [70, 80] were used. The last three methods are especially
effective. Thus, the ion exchange method increases the strength of the
silicate laser glass ED-2 by five times [78, 79], the quenching method
increases the maximum temperature gradient which the AE withstands without
failure by more than threefold [70]. The process of strengthening phosphate
glass has been studied appreciably less, and only in the most recent years
has it been possible significantly to increase the thermal resistance of AE
made of phosphate glass [58, 59, 70, 81]. This is very importamnt, for it
permits efficient use of "athermal" phosphate glass with small magnitudes of
the thermooptical characteristics P and Q in order to increase the average
lasing power of lasers with small angle of divergence of the emission §5.2)

As 18 obvious from the preceding discussion, decreasing the radius of a
cylindrical AE or the plate thickness leads to a decrease in temperature
gradient in the AE. Therefore it is possible to use fibers of films made of
glass where cooling can be made most effective, and the temperature gradient,
small. However, decreasing the transverse dimensions of the AE unavoidably
leads to an increase in the radiation divergence. A survey of earlier papers
with respect to glass fiber can be found in [82-85]. In recent years, in
addition to the study of the lasing and amplification effects in fibers made
of ordinary glass (see, for example [86, 87]), a study was also made of fibers
made of especially pure quartz with Nd;04 [88, 89], on which it was possible
to realize lasing during pumping using a semiconductor injection laser [901].
Lasing and amplification of light were also obtained in films made of sili-
cate glass using the diffusion light guides created in the silicate glass
[91-93]. Efforts to make phosphate glass films with the composition NdP50;,
[94] by radio frequency spraying of the crystals of the same composition
with decreased concentration quenching of luminescence of the Nd3+ ions did
not give good results: the lifetime of the Nd3+ luminescence in the films
was approximately 8 microseconds, which is appreciably less than in the
initial crystals (55 to 120 microseconds). The laser effect on films made of
phosphate glass has still not been obtained.

. Let us consider another factor, which determines the temperature conditions
of the AE--the power of the heat release q. This heat release power is
connected with the absorption of pumping light in the AE and with nonradiating
losses enumerated in §1.4, The pumping light is absorbed by the glass matrix
as a result of the presence of inactive admixtures; there is also natural
absorption in the short wave, as a rule, ultraviolet part of the spectrum
and absorption by the activator ions. The absorption by the matrix takes
place only on heating the AE, and it is desirable to reduce it to a minimum
by using pure reagentsand filtering the shortest wave part of the pumping
tube emission. However, with such filtration part of the useful absorption
is also lost simultaneously (in the activator absorption bands). Let us con-
sider this briefly in the example of glass -doped with Nd3* ions (the spectro-
scopic properties of Nd3 are discussed in more detail in Chapter 4). The
absorption spectrum of Nd3t+ consists of narrow bands which can be broken
down into three groups in the range of 350 to 530, 580 and 680 to 880 nm [5].
Figure 1.10 shows the absorption spectra for GLS-4 silicate glass and LGS-40
phosphate glass together with the transmission curves of filters made of
three types of glass--K-208, 0S-12, KS-14 [5]. 1In contrast to phosphate
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glass, silicate glass usually does not have absorption bands at 350 nm, and
therefore a filter made of K-208 glass has no influence on the activator
absorption or the lasing characteristics of the glass. The use of the other
two filters significantly decreases the lasing energy, especially for phos-

- phate glass (Figure 1.11). Efforts were made to decrease the reduction in
lasing efficiency during filtration, for example, by the application of
luminescing liquid filters, the material of which absorbs the shortwave
emission and emits the longer wave emission (see, for example [96]); however,
such filters have ordinarily low light strength.

The role of Stokes losses in the heating of the AE for individual groups of
absorption bands of Nd3 is illustrated in Figure 1.12, b [5]. It varies
- with variation of the absorptivity of the neodymium glass, which for cylindri-
cal AE depends on its diameter d and on the activator concentration NNd (as
the square root of the product of these values). The energy absorbed in the
680 to 880 nm bands makes 20% contribution to the heat release and about 40%
contribution to the maximum admissible lasing power (Figure 1.12, a); the
latter was calculated in [5] by the total tube pumping energy absorbed by the
activator, under the assumption that the quantum yield of the luminescence
of the Nd§+ is equal to one, and the energy losses to heat are connected only
with the Stokes shift between the given excitation band and the Nd3* lasing
band by 1.06 microns. The total pumping energy absorption for the cylindrical
AE 10 mm in diameter by 130 mm is 6 to 12%Z of the electric pumping power [47,
5, 97, 98]; approximately half of the absorbed energy can be converted to
lasing power with these dimensions of the AE [5]. The actually attainable
efficiency of the glass lasers with small AE usually is less inasmuch as the
lasing power decreases not only as a result of Stokes losses. Figure 1,12
shows that on variation of the absorptivity of the AE, the contribution of
the blue green and yellow absorption bands to the lasing power and heat varies
sharply. For Mygd=l to 45% the maximum admissible lasing power is given by
the yellow band and only about 20% by the blue green bands; for NV ygqd=15, the
role is reversed. Here the contribution of the short wave bands to the heat
release for large values of § ygd reaches 65%. The thermal conditions of the
- AE vary correspondingly for identical filtration conditions., In spite of
improvement of the thermal conditions of the AE on filtration of the short
wave part of the pumping émission, in this case, the decrease in lasing
efficiency that occurs makes consideration of the thermophysical and strength
characteristics of the glass permitting a decrease in the requirements on the
pumping filters highly significant.

The use of narrow-band pumping sources of the type of semiconductor light

: diodes and heterolasers, dye lasers, Raman lasers, and so on operating in the
range of 500 to 900 nm and matched with the absorption bands of the activator
is a radical method of decreasing the heat release as a result of Stokes
losses and absorption of the energy by the glass matrix. With these pumping
sources, in particular, continuous lasing was obtained on the AE made of
neodymium-doped phosphate glass [99]. However, the power and efficiency of
the existing narrow-band pumping sources still are insufficient, and they are
used predominantly in experimental devices. For powerful systems, "double"
conversion of the energy, for example, tube pumping of the Nd3+ lasers and
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Figure 1.10. Curves for the optical density D of GLS-4 glass (1)
and LGS-40 glass (2) 5 mm thick and the transmission curves t

of filters made of K-208 glass (3) 3 mm thick, 0S-12 glass (4)
and KS-14 glass (5) 1 mm thick [95]
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Figure 1.11. Lasing power as a function of the pumping power for
GLS-4 glass (a) and LGS-40 glass (b) without filtration (1) and
using filters made of K-208 glass (2), 08-12 glass (3) and
KS-14 glass (4) [95]. The ratios of the lasing power for the
investigated energy to the lasing power near the threshold are
plotted on the y-axis.

Key:

A. joules

subsequent use of these lasers to pump the AE made of YbH and Er3* doped
glass can turn out to be effective. This aignificantly improves the thermal

conditions of the output stage of the laser system. Such a converter is
described in Chapter 6. .
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Figure 1.12, Variation of the contribution K, of the energy
in the 0.43 to 0.53 band (1), 0.58 band (2), 0.68-0.88 micron
band (3) to the maximum lasing power (a) and heat (b) as a
function of the activator concentration and diameter d of the
active element [95]. ~NNd-1020 cm~3, the diameter d in cm.

§1.6. General Description of Laser Glass

Now, after discussing the information about the most significant characteris-
tics of laser glass, we can compare glass-like laser materials with other
types of materials for lasérs. The laser effect is now obtained in solid,
liquid and gaseous media. The materials of solid-state lasers are divided
into two basic types--semiconductor crystals and films and materials with
predominantly ion structure containing rare earth elements or certain 3d-ions
(Cr, Co, Ni) or having color centers as the activators. Each type of laser
has its own area of application., Materials with ion structure can be
crystalline (including in the form of thin monocrystalline films or fibers)
and vitreous. Laser crystals are investigated in the monograph [100]. Three
crystal materials basically now have practical significance: ruby A1203:Cr3+,
yttrium aluminum garnet (YAG) Y3A15012:Nd3+ and yttrium aluminate

YA104:NdH,

The vitreous laser materials primarily belong to the classes of inorganic
oxides or fluorides of glass. Glass as a lager material has a number of
advantages by comparison with crystals [48, 83, 84]: namely,

1) The possibility of obtaining it in large volumes with comparatively low
cost.

- 2) Simplicity of manufacturing products of almost any shape and size.

3) High optical homogeneity and small losses (~0.001 cm™1) to inactive
absorption on the lasing wavelength.

4) The possibility of variation of the physicochemlical, spectral luminescence
and lasing characteristics within significant limits for glass technology

and for the development design of lasers and selection of the optimal combina-
tion of these characteristics.
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© 5) The possibility of selecting thermooptical parameters which insure
minimum distortion of the light wave front (§1.4) and selection of monlinear
optical properties insuring that maximum lasing power will be obtained for
short duration pulses (§51.2).

6) Broader absorption bands of the activators, improving the matching with
the pumping sources; the possibility of eliminating polarization effects
(variation of the optical transparency of the active medium under prolonged
exposure to pumping light) as a result of the corresponding additives.

The deficiencies of glass by comparison with crystals reduce to the following.
1) Worse thermal conductivity (by more than an order less than in crystals):

2) Worse mechanical properties——less hardness, lower modulus of elastieity
and strength. This is illustrated by the data in Figure 1.8, in which some
physical properties of ruby, YAG and glass are compared [31, 84].

3) Greater luminescence band width, smaller induced radiation cross section
of rare earth activators; consequently, smaller gains and higher lasing
thresholds. For Nd3* ion and YAG, the maximum cross section of the induced
emission for the main laser transition is 8:10~19 cm? [100], in glass
(1-4.7)+10-20 cm2 [47, 48, 101-104]. However, this factor turns out to be
useful during the operation of active elements in the amplification and
Q-switching modes, especially in powerful systems, for it offers the possi-
bility of obtaining high radiation energy from one element.

Table 1.8
Properties " Ruby YAG ' Glass
Thermal conductivit:yé watts/ (m-K) 23 14 0.3-1.3
Microhardness, kg/mm 2100-2400  1320-1380 300-600
- Modulus of elasticity, 107 kg/cm? 4,25-4.6 0.294 0.05-0.09
Bending strength, 103 kg/cm? 3-6 1.75-2.1 0.3-0.8
dn/dT, 106 K1 1.0-1.4
(for ng) 9.86 -10-(+10)

Lasing is obtained in glass for an entire series of rare earth ioms. In
Table 1.9 some of the laser parameters of glass with different activators
are presented. The studies were performed in different laser systems and on
elements differing with respect to size, optical quality, inactive absorption
and other parameters, and therefore the results can be compared only with
great caution. The use of sensitizers permits significant improvement of
the characteristics of the glass with certain activators, for example, with
Er, Tm, Ho. However, on the whole, the lasing thresholds for glass doped
with Yb3+, Ho3+, Gd3+, b3+, T3 ions, are very high, and the lasing
efficiency is low. Therefore only Nd3*+ doped glass and, to a lesser degree,
¥b3H+ and Er3H doped glass have acquired practical significance at the
present time. :
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Table 1.9
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| ' | |
> FE Y » | »:]2s 55 4 | (1)
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Eopatnoe (15) Ths* o ‘ 5D (I 0,542 6,5. ' 79 ' 1200 | | [83]
Cu:ulx{a'moe( y Hod* 77 ) 2,046 3600 | [83]
_ . 16 ’ . ’
» o Mp~Tsp | 155 | 4 26 | 1100 | [83]
» B¢ L o>y, | 1,065 | 4 2% | 1300 |83l
) ‘ N ' | Po- » | e, | 1,007 | 67 53 150 - | (83]
» L Gast 78 P, 95, | 03125 | 4 2% 4300 | [83]
. i . Lo . .
» Tm3* 77 SH 3 1,85 5 27 | 55 |[105)
- R R
Key:
1. Types of glass 11. Silicate
2, Activator ion 12, (fiber in sheathing)
3. Operating temperature, K 13. Fluoberyllate
4, Transition 14. Phosphate
5. Lasing wavelength, nm 15. Borate
6. Size of cylindrical element, mm 16, Silicate
7. Diameter
- 8. Length

9. Lasing threshold, joules
10. Data source

Let us consider the basic groups of Nd3+>doped laser glass in somewhat more
detail. Ordinary inorganic glass includes compounds of modifier elemeats
(oxides and halides of the majority of metals) and glass forming elements
(si0y, By03, Py0s, Ge02, BeF,, Te0p, in some cases Aly0,, and so on). The
spectroscopic and lasing stugies were performed for silgcate, phosphate,
borate, germanate, fluophosphate and fluoberyllate glass. The spectroscopic
properties of Nd3+ have also been studied for tellurite, sulfate, chloride,
fluozirconate, nitrate and acetate glass. The lasing data for such glass
are almost unavailable, and we shall not consider these systems in more
detail. Let us only indicate the possibility of obtaining qudte high induced
radiation cross sections o for Nd3+ in tellurite glass——-approximately

- 9:10~20 cm? for the transition 4F3 2+ 111/2, by the spectroscopic estimates

. made in [106]. At the same time, other authors give significantly smaller
values of o: 4.7-10"20 cm2 ip [107], where continuous lasing is obtained
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on tellurite glass with Nd3H for longitudinal pumping by an argon laser,

and 2.3-10-20 cm? in [102]. Recently synthesized glass based on sulfides
and oxysulfides of rare earth elements and gallium can turn out to be highly
prospective [108, 109]. In these types of glass, the intensity of the
absorption and luminescence bands of Nd3+ is appreciably higher than in an
ordinary oxide or fluorine containing glass as a result of an increase in
the degree of covalence of the bond between the activator and the atoms
surrounding it. The studies of such glass are only beginning.

Laser glass is characterized by several tens of parameters describing the
physicochemical, thermooptical,.spectroluminescent and lasing properties.
Comparing laser glass with respect to all parameters is a problem which goes
far beyond the framework of the given paper. We shall try to give an analysis
in general form of some of the most significant properties for use in laser
systems for the most important groups of laser glass. Basically the character-
istics . already investigated in §§1.1 to 1.5 and also the mechanical and
- chemical strengths, the adaptability for manufacture and cost of production
of the glass will be compared. Then, in Chapters 3 to 6, when analyzing the
individual properties of phosphate glass, a more detailed comparison of it
will be made with other classes of laser glass, and the advantages of phos-
phate glass for use in different laser systems will be demons trated.

Th§+summary picture of the properties of various classes of laser glass with
Nd”" ions is presented in Table 1.10. The ranges of variation of the physico-
chemical properties are presented approximately with the use of references
[47, 48, 101, 103, 110-116], spectroluminescent and lasing properties, using
the results of [47, 48, 73, 101-103, 112-118], The omissions in the table
indicate the absence of systematic studies.

- The most widespread now are silicate laser glasses [47, 48, 119]. About

40 types of silicate lager glass have been developed in the USSR and abroad.
They are the cheapest and are the most adaptable for manufacture, they have
good mechanical and chemical strength, they offer the possibility of obtain-
ing large castings of high optical quality. The magnitude of the cross
section of the induced emission of Nd3t ions does not exceed approximately
3.10-20 cm2; the coefficient of nonlinearigy 05 the index of refraction 1y

is comparatively large (more than 1.4:107"~ cm Jvolt?), which limits the
possibility of using the glass in powerful systems with small pulse durations
(fractions of a nanosecond). Detailed information about the properties of
industrial silicate laser glass are presented in [47]. A deficiency of
silicate glass_is the relatively high values of the thermooptical characteris-—
tics W and P (W210-10-7 ¥~1, P>5.10" K-l for a wavelength of 1.06 micronms,
§1.4), which does not permit selection of the compositions combining good
thermooptical and lasing properties.

Germanate glass almost has no advantages over silicate glass, but it is
significantly more expensive, which makes industrial use of it inexpedient.

Borate glass has comparatively large induced emission cross sections of Na3+
(to 3.8.1020 cm2) and satisfactory thermooptical characteristics, but low
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quantum yield and short luminescence lifetime of Nd3 (no more than 150
microseconds) complicate its use for the existing pumping systems.

Phosphate glass is now the second most important group of laser glasses, and
in recent years it is finding- broader:and broader application in lasers of
various types [47, 48, 52, 58, 59, 81, 121, 122]. The advantages of phosphate
glass [47, 48, 52, 59, 120-123] are higher cross sections of induced emission
of Nd (to 4.7-1020 cm?), high gain, narrow lasing spectrum and high
efficiency. The thermooptical characteristics of phosphate glass vary within
broad limits, which offers the possibility of selecting compositions with
optimal lasing and thermooptical properties. The smaller coefficient of
nonlinearity of the index of refraction, higher induced emission cross section
and good thermooptical properties are the advantages of phosphate glass by

- comparison with silicate glass when it is used in powerful systems for
amplifying supershort pulses [14, 120-122]. Phosphate glass is sufficiently
adaptable for manufacture, and it can be obtained in large volumes with
high optical quality. The deficiencies include increased cost by comparison
with "' -ate glass, lower mechanical and chemical strength than for silicate
glas: ;e latter deficiency pertains especially to the first phosphate
laser . .ss assimilated in the USSR about 10 years ago, types LGS-40 and
LGS-41 [47] and some of the modern foreign types of glass, for example,
EV-2 and Q-88 [122]. Elements made of glass of the last two types begin to
break down after a few days on contact with water [122]. The phosphate
glass presently produced in the USSR has good chemical stability [47]. The
mechanical, and especially the thermal strength of phosphate glass can be
raised by using special methods of treatment [58, 59, 70, 81].

The phosphate base permits sigaificant replacement of P20g by oxides and
fluorides of other elements playing the role of glass formers and permitting
improvement of certain physicochemical characteristics of the glass, a
decrease in the crystallization capacity, variation of the interaction
between activators, and so on. Such glass nevertheless retains the most
important advantages of purely phosphate glass related to its spectral
lumines cence, thermooptical and lasing properties. Silicophosphate, boro-
phosphate, germanium phosphate, niobium phosphate, aluminum phosphate glass
are known. The spectral luminescence properties are known for many of these
types of glass, and the lasing properties are known for some. Thus, the
term "phosphate glass" can actually refer to a very broad class of composi-
tions in which the role of the basic glass forming component is played by
phosphorus pentoxide.

In esseiice, the same class includes fluophosphate glass contairing signifi-
cant amounts of metal fluorides. This glass is similar to phosphate glass

with respect to physicochemical properties [113-115], it has somewhat smaller
cross section of induced emission Nd3+, but evensmaller coefficient of nonlinear-
ity of index of refraction ny, which makes it prospective for use in power-

ful laser systems with heated plasma [14, 113]. Increased aggressiveness

and volatility of fluorine-containing melts complicate obtaining large
optically homogeneous billets and require additional development of the
process of founding such glass.
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The study of fluoberyllate glass was started comparatively recently [115, 124,
125]. As was discovered recently, BeF, and fluoberyllate glass have the
least coefficients of nonlinearity of the index of refraction n., for
inorganic materials [112]. In fluoberyllate glass the symmetry of the
surroundings of the activator is the highest, and in such glass the ionicity
of the bond between the activator and the ligands is the highest [125]; the
luminescence band width of Nd3 and the magnitude of the induced emission cross
sections of neodymium for fluoberyllate glass are close to these characteris-
tics for phosphate glass [73, 112, 115]. Fluoberyllate glass has lower
mechanical and chemical stability than phosphate glass. It is very difficult
to obtain optically homogeneous castings from fluoberyllate glass. The
thermooptical properties of fluophosphate and fluoberyllate glass have still
been studied insufficiently.

The complex of physical properties required for laser glass depends on the
specific purpose and required parameters of the laser system. Thus, the
requirements imposed on the thermooptical characteristics of glass are differ-
ent when using active elements in the form of cylinders, discs or plates (§l1.4),
the requirements on the active elements of lasers operating in the single
pulse mode and in the periodic frequency mode are different, and so on. It

is necessary to select the glass for powerful systems where the expenditures
on materials are large, especially carefully. An example of such a choice of
glass used in systems for studies of laser thermonuclear fusion is presented
in reference [126], where the expenditures on creating the active elements
from glass are compared with systems with high power or high lasing energy.
Here phosphate glass can turn out to be a highly prospective material (§5.3).
The requirements on glass for systems of another important type--pulse
periodic lasers--are analyzed in §5.2,
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CHAPTER 2. STRUCTURE OF PHOSPHATE GLASS

Phosphate glass, just as the majority of other types of inorganic glass [110,

127-129] contains two types of coordination groupings of atoms--compact poly-

hedra of glass former ions (in the given case, PO7y~ tetrahedra) with powerful

covalent bonds between the anions and the central ion and larger polyhedra
of modifier ions, where the bonds have a more ionic nature. The properties
of glass are determined to a significant degree by the structure of the anion
motif, the method of combining the polyhedra of the glass former (isolated
groups of polyhedra, rings, chains, strips, layers, frames) and the type of
modifier ion. In ordinary silicate glass the 5102' tetrahedra, joined by

the apexes through bridge (that is, bound to two glass former ions) oxygen

atoms, form a comparatively strong three-dimensional silicate frame, in the

cavities of which the modifiers are located [110]. This frame can be char-
acterized by the degree of binding m determined by the average number of bridge
oxygen atoms per ion of glass former, The degree of binding is equal to 4 in
pure Si0,, and it decreases as the molar concentration of the modifier in-
creases, to 0 for transition to "inverted" glass, in which the molar content
of the modifier is higher than in 510, [130]. Another useful characteristic
of the anion motif (especially for phosphates) is the density of the trans-—

. verse bonds [131, 132], which is defined as (m-2). In essence, it 1s equal
to the average number of additional bonds per glass former ion by comparison
with the number of bonds in an infinite polymer chain of polyhedra of glass
formers joined by the apexes, in which there are two bridge oxygen atoms
for every glass former ion.

The same situation exists with the binding of the anion motif in crystals.
Phosphates containing more than 50 mole % metal oxide are constructed from
island (isolated) phosphate groups and polyhedra of the cations connecting
these groups located between them, With a univalent and bivalent metal oxide
content of 50 mole %, that is, in "metaphosphates" with the formula MePO
or Me(P03) , every tetrahedron of P07~ is connected to two other tetrahedra
through cofmon (bridge) oxygen atoms; here rings or infinite chains of
tetrahedra are formed. The density. of the transverse bonds is equal to O,
that is, they are absent. In the reglon of crystals with predominance of
P,0s, "ultraphosphates" appear, where part of the Poz' tetrahedra ("ultra-
tetrahedra') are already connected to three other tetrahedra, the binding
of the anion motif increases. In one of the versions of P,0 (0-form),
every tetrahedron is bound to three others, forming a frame ?133, 1341,
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and this means that the binding of the phosphate motif is correspondingly
equal to three, and the density of the transverse bonds is equal to ome.

Thus, phosphates and phosphate glass have less binding of the anion motif than
silicate glass. Usually the higher the binding of the anion motif, the
higher the mechanical properties of the glass (with identical modifier cation).
Correspondingly, phosphate glass has- lower microhardness, lower modulus of
elasticity, higher coefficient of thermal expansion and lower softening

points than silicate glass with the same cation.

In order more clearly to represent. the basic types of phosphate groupings
which can exist in phosphate glass, let us briefly consider the structure of
phosphate crystals in the example of th Me 0-Me2H 0-P50s5. system, the diagram
of which is shown schematically in Figure 2.1 [135]. Here Met and Me2+ are
univalent and bivalent metal, respectively. With an increase in the P505
content in crystal phosphates, the anion groupings are complicated in the
following sequency: orthophosphates with isolated tetrahedra PO+ pyro-
phosphates with double tetrahedra [P 0 ] '—*sgnort chain polyphosphates with
the formula of the anion motif [Pn03n+1] (n+2)-5 the ring . phosphates with
the formula of the anion [PO3]R” + metaphosphates with infinite chains of
[PO4] > strip and 1ayered ultraphosphates with the anions [P4011]
[Pgd;712-, [P501413 [135-142]+frame P40; (O-form).

5 P_L)5 R
“Goaid

W

- n(ru )a
N\ 12,0

Meg0 v - MED i i et 0
Figure 2.1. Ternary diagram of the system Me20--l~ie2 0-P,05
[135]. The basic types of compounds are indicated.
- Key:
1--ultraphogphates; 2—metaphosphates; 3--tetrapolyphosphates;
4--~tripolyphosphates;5~--diphosphates; 6--orthophosphates; 7--basic phos-
phates

Certain types of phosphate groupings are depicted in Figures 2.2 to 2.5. It
must be noted that for each type of phosphate groupy;'lg, several versions of

the mutual gpatial orientation of the tetrahedra PO can exist; various
" methods of combining the tetrahedra are also possibie [133, 134, 142, 143].
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As an example, Figure 2.3 shows several different types of infinite phosphate
chains with the general formula [P0,] -3 Figure 2.4 shows two types of
ultraphosphate strips with a genera formula [P50; 4] encountered in ultra-
phosphates of the type of MeP5014, where Me 18 a rare earth element or Bi;
Figure 2.5 shows ?fyers of eight meuwber and 14 member rings comstructed from
metatetrahedra PO connected with two other tetrahedra and ultratetrahedrd
connected with three tetrahedra.

VM »«e@z@

Figure 2.2. Some island phoaphate groupings. a) Tetrahedron P04 3
b) pyrophosphate ion_P207 ; c) tripolyphosphate ion P30 3 d) cyclic
triphosphate ion P10 ; e) cyelic tetraphosphate ion P4073

Sy . %
<
- S < .

RbIO, L;Pu, NaPUy CalPO,),  Ha@)A  Napuy
CsPOy KPOs . Nagi(POy)y Phinegdy  Aghds

. CuNH PO CuK.(PO3) Zr{P0y),, Bi{POy);
Cutitl, \PO3)y 2P03), NGO

’ !
--CuTu(POg), ) Kua (PO )y
Figure 2.3. Various polyphosphate chains [142]. The relative

orientation of the tetrshedra POZ‘ along the axes of the chains is
demonstrated.
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Figure 2.4. Phosphate motifs in certain strip ultraphosphates.
a) Possible methods of joining 8 g_ember rings of Poz' tetrahedra
in ultraphosphates (P.--middle PO;  group connected to two
others, P _--ultraphosphate group ?0 connected to three others);
b) ultrapzosphate strips of 8 member rings in NdP50 14 lattices
and c) rhombic version of HoPg0y, [139].

i e
R

) ..

Figure 2.5. Phosphate grids in lattices of certain ultraphosphates
[143]. '

a) MnP,0,,3 b) Sr,P 0 5 ¢) CdyPg077. The plack circles are ultraphosphate
tetrahe ra, tﬁe wﬂte circles are the middle (meta) phosphate

tetrahedra. Only the P atoms are indicated, the oxygen atoms
are omitted.
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In the isolated P03- tetrahedra, all four P-O bonds are approximately
equivalent and usually are 0.154+0.001 mm long [133, 134, 152]. The multi-
plicity of the P-0 bond is greater than one. There are no final data on the
electron structure of a phosphate tetrahedron [142], although it is assumed
that in addition to the ordinary o-bonds of P-O, a m-bond is formed in the
tetrahedron as a result of overlap of the d-orbitals of phosphorus and the
p-orbitals of oxygen [133, 134, 142]. In the phosphates containing motifs
from bound tetrahedra, the P-O0 bonds become nonequivalent. The spacings of
the P-0 () with bridge atoms O (2 oxygen atoms in the meta and three in
the ultratetrahedron) are 0.154 to 0.167 nm for different polyphosphates
and ultraphosphates and usually are greater than the P-0 spacing (the terminal
oxygen) in the same tetrahedra (0.144 to 0. 152 mm) [133, 134, 142, 143].
Consequently, the proportion of the m-bond is higher for the phosphorus bond
with the terminal O-atoms entering into the coordination sphere of the modi-
fier cation.

As we have seen (Figure 2.1), in anhydrous systems, as the P,0g concentrag}on
increases, the process of joining, polycondensation, of the tetrahedra PO
takes place with the formation first of island and then chain, strip and
layered phosphate motifs. The cation polyhedra bind the phosphate groups,
forming characteristic structures--usually frames, layers or chains-—in the
crystals with high metal oxide content, predominantly isolated groups or
simply isolated polyhedra in the ultraphosphates. The analogous picture of
complication of the phosphate motifs also occurs in the melts of polyphosphoric
acids containing water: with an increase in temperature, the phosphates
crystallize successively with all the more complex phosphate radicals [144].
The process of polycondensation of the phosphate tetrahedra takes place with
an increase in binding of the anion motif . ~ (Just as for certain
other groups of oxygen compounds, for example, borates [145]), under the
effect of several factors-—-variation of the concentration of the metal oxide
in the system, the temperature, acidity of the medium, pressure and so on.

The type of phosphate groupings formed depends on the metal cation. For
example, anion groups are distinguished for ultraphosphates of bivalent and
trivalent metals [138, 140, 142, 143]. 1In the Hp0-P 05‘system at 170°C, the
main part of the P atoms is in the form of the pyrophosphate ion ong‘, and

on addition of the trivalent metal oxide to the solid phase, bismuth ortho-
phosphate BiPO,, ytterbium polyphosphate YbHP507, gallium tripolyphosphate
GaHyP 50, and the metaphosphate of lanthanum La(P03)3 are isolated [144].

This can be explained from the point of view of the theory of random arrange-
ment of phosphate melts proposed by Van Vezer [146] in which dynamic
equilibrium exists between the free POy~ groups and the groups bound to

1, 2 and 3 other tetrahedra. Introduction of the metal oxide leads to a

shift of the equilibrium in the direction of formation of the most soluble
compound. The metal cations, in accordance with the views of Belov [147, 148],
can play the role of a matrix or a nucleating center,. around which the formation
of the most energetically advantageous anion structure takes place.

As is obvious, phosphate glass is obtained by cooling melts; therefore an
entire set of phosphate groupings with predominance of any defined form must
exist in them. The structure of phosphate glass, as is shown in a number of
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experiments by the methods of x-ray diffraction, spectroscopy and
chromatography [129~155] is theoretically analogous to the structure of
crystalline phosphates, and it is distinguished by a lower degree of ordering.
In alkali glass with high metal oxide cquentraszon, linear polyphosphate
groups predominate. The average number n of PO; tetrahedra in such groups
depends on the ratio R of the mole fractions of the metal oxide and P,05: _
n=2/(R-1). Then the number of groupings per 100 atoms of phosphorus T=100/n.
With a ratio of MeZO:PZO =1, we have n=», which corresponds to 100% content
of infinite monophosphata chains. In reality, along with the linear phos-

- phate groupings, there is always some number of cyclic groupings in the glass.
Figure 2.6 shows the variation in content of various anion groupings in
alkaline glass with variation of the molar concentration of the alkali oxide
[153]. With an increase in the P,05 content, the proportion of more condensed
groups increases, and anion groupings appear in the ultraphosphate region,
in which part of the POZ’ tetrahedra are bound to three other tetrahedra
(branch points), and not to two, as in the alkali groupings. Correspondingly,
the binding of the anion motif increases, the vitrification point and Young's
modulus increase for the glass [131, 132]. — g

N
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o cpomey P, Ve
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-
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7 54 i
Cuednan dnana ynd, fi 2)
Figure 2.6. Proportion of phosphorus atoms (in %) entering into
the composition of various phosphate polyions in alkali potassium
phosphate glass as a function of the average length n of the
phosphate chains [153].
The numbers on the curves are the number of ph gRE?rus atoms n
in the linear polyion with the composition Pnogn+l B
C is the proportion of phosphorus atoms entering
_ into the cyclic phosphate groupings; HP is the proportion of
P atoms in linear phosphates with n>9.
Key:
1. Proportion of P atoms,_7%
2. Average chain length, n

Glass with island anion groupings is easily crystallized. In phosphate
systems stable glass is formed in the metaphosphate and ultraphosphate regions,
where the binding of the anion motif is high., The bond strength between the
phosphate groupings depends on the type of modifier cation. Cations with
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high field strength, that is, with large charge and small anion radius

(Mg2+, A13+, Nb5+, and so on) form strong bonds with oxygen, the strength

of which differs little from the P-0 bond strength. The irtroduction of
these cations into the glass decreases. the coefficient of thermal expansion,
increases the thermal stability and chemical stability of the glass, its
microhardness, and the temperature of the beginning of deformation. It is
provisionally possible to consider that such cations together with the poly-
hedra of the glass former form a "mixed motif,” which was investigated, for
example, for titanium-containing and zirconium-containing silicate glass
[156, 157]. The conditionality consists in selecting the boundary between
the extreme cases: the structural motif formed only by polyhedra of the
glass former (5102, GeO,, By0g, Py0s, and so on) and the "standard glass"
containing an anion mot%f (with powerful cation-oxygen bonds) and large low-
charge ions (for example, alkali metals), having weak binding to oxygen.

Even the transition from single-charge cations to larger bivalent Ba + causes
a sharp change in properties of the metaphosphates, for example, a significant
decrease in the electrical conductivity of the melts [158]. The difference
between strengthening of the phosphate motif itself as a result of increas-
ing its binding and strengthening of the mixed phosphate cation motif on
introduction of "strong" cation modifiers decreases with an increase in field
strength of the cation. Therefore, for example, it is possible to talk about
alkali niobium phosphate glass [159, 160], considering that the bond strength
of Met-0 1s much less than the P-0 bond strength or the Nb-O bond strength,
which means P and Nb can play an analogous role structurally,

Of course, the most similar in this respect are the P atoms and the glass
former ions which can under defined conditions, form mixed tetrahedral motifs
with the phosphate tetrahedra, for example, Si +, B, AsSt+, sometimes A13+
[161-178]. For laser phosphate glass, B3 is especially important, for it
is demonstrated that the introduction of BPO, into phosphate glass signifi-
cantly improves its mechanical and chemical stability [166, 167]. Borgn
orthorhosphate has a frame structure with alternation of tetrahedra BOZ' and
PO, The addition of BPO; to metaphosphate glass leads to the appearance
of 'additional bonds between the polyphosphate chains, an increase in binding
of the anion motif and, consequently, to an increase in its overall strength
for the same cation modifiers. In order to keep the interaction of the.
activator with the glass matrix small (see Chapter 3) it 1s essential that
up to a defined B20, concentration in the glass with BPO, additive, the boron
atoms in the phosphate glass have predominantly tetrahedral coordination.
However, at the present time there are no exact data on the relation between
the boron atoms in the tetrahedral coordination and in the other possible,
trigonal coordination. As an example, let us present data on the fraction
of the boron atoms ny in tetrahedral coordination determined recently for
several glass compositions in the KZO-B203-P205 system by two.-independent
methods—--by the Raman scatterin§ spectra of glass [168] and by the nuclear
magnetic resonance spectra of B 1 [170] (Table 2.1). As we shall see, the
results. do not agree. Comparison of the available data from infrared
spectroscopy, electron microscopy, nuclear magnetic resonance spectroscopy,
the results of studying the electron paramagnetic resonance of boron phos~
phate glass with admixtures of paramagnetic ions and irradiated glass, the
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studies of the processes of extinguishing luminescence of RZI*which depend
on the frequencies of the highest=energy oscillations of the matrix and,
consequently, on the coordination of the boron atoms (see Chapter 3), pro-
vides a basis for considering that high values of n; obtained by the method
of nuclear magnetic resonance are more reasonable. In the region with large
B203 content with respect to the P,0y content obviously the trigonal
coordination of the boron atoms predominates; usually in boron phosphate
glass of this type, liquation is observed [164, 165, 173, 176]. In such

- glass, the interaction of the rare earth activators is intensified both
between each other--as a result of liquation and an increase in the local
activator concentration--and with the glass matrix as a result of high energy
of the vibrations of the B-O bond for boron atoms in trigonal coordinationm.

Table 2.1,
Glass composition, molecwlar % w, 1170) ne (168]
K0 B,0, P04 "
25 50 25 0,64 0
30 40 30 0,75 0,08
40 20 40 0,70 0,26
23 54 23 0,50 0,03
* 16,7 66,7 16,7 0,43 0,52

The addition of small amounts of S10, to phosphate glass usually leads to
cross linking of the phosphate groupings, an increase in the binding of the
anion: frame, a decrease in the crystallization capacity of the glass [171,
172, 177]. Large amounts of 5105, on the other hand, have a depolymerizing
effect on the phosphate grouping, in a number of cases having a negative
effect on the chemical strength of the glass and increasing its inclination
to crystallization [174, 175]. Sometimes the negative influence of large
amounts of §109 on the chemical stability of the glagss can be compensated by
the addition of Alj03, which obviously leads to the formation of stable AlPOy
groups with aluminum atoms in tetrahedral coordination in the glass [174].

In the properties of laser glass, variations not only in the cation, but

also in the anion composition of the glass are felt strongly. The most
important is replacement of the oxygen ioms by OH-groups and halide ionms,
primarily fluorine. If we do not take special measures with respect to care-
ful dehydration of phosphate glass, it will always contain a significant
amount of residual water (fractions of a percentage by welght and even
percentages [179], which corresponds -to ssveral mole percentages [179-1841).
This has a strong influence both on the optical transparency of the glass in
the regions corresponding to the absorption frequencies of the OH-groups and
the luminescence properties of rare earth activators [181-183, 185]

(Chapter 3). In phosphate groupings the OH~groups are terminal, and increas-
ing their concentration decreases the degree of binding of the phosphate
motif [131]., On the contrary, the process of removal of the water leads to
combination of the phosphate groupings, an increase in the average degree of
polymerization and the degree of binding of the phosphate motif [131, 180].
0f course, the degree of polymerization (that s, the number of PO~ tetra-
hedra in the phosphate grouping) with identical initial composition of the

* RZI = rare earth ions 6
3
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glass, in addition to the water content, can also be influenced by other
factors: the possibility of volatilization of part of-the Py0s, variation
in the ratio between the ring and the chain groupings, and so on [186].
_ The dehydration is felt most strongly in the properties of ultraphosphate
glass, where it causes an increase in the transformation temperature and
Young's modulus of the glass [131, 132].

Inasmuch as the presence of OH-groups has a significant negative effect on
the luminescence, and in certain cases, the lasing characteristics of the
glass with rare earth activators, various methods are used for dehydration
of laser glass [117, 181-183, 185, 187]: bubbling of the glass melt with
dry gas, founding in a protective atmosphere, deuteration of the melt,
evacuation, the addition of halides. In particular, the addition of fluorides,
leading to replacement of the terminal OH-groups by F ions essentially having
no influence on the luminescence properties of the activator, permits us to
obtain almost anhydrous glass [183]. The amount of fluorides which can be
introduced into the phosphate glass is very high: phosphate glass can con-
sist of about 80 percent ' fluorides [114, 188, 189]. Up to defined concen-
trations of fluorides in the fluophosphate glass, polymer phosphate groupings
are retained [114, 190], then the pyrophosphate and ring phosphate groups
begin to increase. The POgF anion intermediate between the purely fluoride
and purely phosphate components of the structure plays an important role in
‘phosphate glass [114]. The presence in the coordination sphere of an activator
- of fluorine and oxygen atoms causes multitype nature of the centers distin-
guished with respect to resolution of the transitions, luminescence lifetimes,
and so on. With respect to width of the luminescence bands and cross sections
of the induced emission of the activators, the fluophosphate glass is similar
to phosphate glass [115, 191, 192], but the processes of excitation energy
transport in it differs significantly [193] (Chapter 3), which is comnected
to a significant degree to variation in the glass structure.

The activator iovns in the phosphate glass are locatéd in the vicinity of the
oxygen ions. Rare earth ions with completed 4f-shell are distinguished with
respect to coordination capacity in oxygen compounds both from large cations
with small field strength, high degree of ionicity of the bond and coordina-
tion numbers and cation-oxygen distances varying within significant limits,

and from 3d-ions with powerful covalent bonds and comparatively rigid coordina-
tion polyhedra. Ions of this type, for example, Cu2+, v +, form a characteris-
tic environment in the glass which is different for different glass formers,
but depends comparatively little on the type of cation modifier (if it does

not cause changes in the structure of the glass).[194]. The complex forming
capacity of rare earth ions (RZD) in compounds with oxygen is less than for
3d-ions, and the set of coordination polyhedra and the interval of variation
of the interatomlic spacings znd valence angles in them is correspondingly
larger [195-200]. There i1s also a difference in the coordination properties

of different RZI [197-200] and variation in the surroundings of the activator
as a result of loss of order in the glass. Tor glass usually a study is made
of the average statistical shape of the nearest coordination in the vicinity

of the activator which can be fouad with a defined degree of reliability
either by comparing the luminescence and absorption spectra of the activator
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in the glass and in the crystal with known coordination of the activator or
by comparing the spectra calculated by the methods of crystal field theory
with the experimental data., Several such studies are known for phosphate
glass.

In [201], on the basis of a comparison of the calculated and experimentally
obtained absorption and luminescence -spectra of Yb3+, the conclusion is drawn
that in the investigated phosphate, silicate and germanate glass, this ion

is in six coordination with the D3 symmetry. In [202] it was demonstrated
that the structure of the Nd3* ¢ rms in alkaline niobium phosphate glass is
close to the structure of the Nd~" terms in LaPO, [203], where the La ions
have nine nearest O atoms and surroundings with C1 symretry, and the prop-
osition is stated that in glass Nd3+ ions have analogous surroundings. In
references [204] and [205], on the basis of analysis of the splitting of the
energy levels of the Tm3+, Er3* and Nd3+ ions, the conclusion is drawn that
the surroundings of these ions in phosphate glass have symmetry no higher
than C2. In reference [204] the proposition is stated. that in oxide glass
rare earth ions are surrgunded by eight nonbridge oxygen ions from the anion
group. .gs. For Nd3*, this is confirmed by compiling the values of Stark
splittings of the levels and resolution of the transitions for crystal phos-
phates of the type Me+NdP4012 (Met=Li*, Nat, K1), NdxMe,_,P5074 (Me=La,

Gd, Y, Yb) and for phosphate glass of analogous composition [206, 207]. It
is known that in the majority of the indicated crystals the coordination
number of the RZI is eg:al to 8, rarely 7 or 6 [115-137, 143], the nearest
surroundings of the Nd7* ions have Cj, Cy or C_ symmetry. It is therefore
possible to consider that the coordination number of the RZI varies in phos-
phate glass from 6 to 9, and the nearest surroundings have quite low symmetry.
Of course, as a result of disorder of the glass structure, a set of coordina-
tion polyhedra is realized in it for the activator, which, along with the
absence of far order, leads to broadening of the luminescence and absorption
bands of the RZI [83].

The oxygen atoms entering into the first coordination sphere of the activator
are usually related also to the glass former atoms (phosphorus in purely
phosphate glass) and the cation modifiers._ In phosphate glass with anion
motif, predominantly from the chains of POj~ tetrahedera, there are no sig-
nificant steric obstacles to the formation of the nearest vicinity of the
activator ions located between the chains, in contrast to the silicate glass
with rigid silicate frame. In such a case the fluctuations of the local
electric fields acting on the RZI depend primarily on the field strength of
the cation modifiers located in the second coordination sphere of the activator,
increasing with an increase in charge and a decrease in the radius of the
modifier. Here usually the width of the absorption and luminescence bands

of the activator also increases.

With variation of the anion motif, for example, on introduction of By04,
BPO,, Nby0s, A1203, on making che transitlon to ultraphosphate glass with a
higher degree of binding of the anion motif, first of all steric obstacles
to free formation of the surroundings of the activator can arise as a result
of an increase in rigidity of the anion motif and, secondly, the number of

- possible combinations of atoms in the second ccordination sphere of the
activator increases. The oxygen ions of the first coordination sphere of the
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activator can now be bound not only to the phosphorus and modifier atoms, but
also to other atoms forming the anion motif--B, Nb, Al. Therefore introduc-
tion of the additives By03, BPO,, NbyOs, A1203 to phosphate glass leads to

an increase in variations of the surroundings of the rare earth-ions and to
broadeni?g of the energy spectra of these surroundings [83, 117, 159, 162,
167, 208].

The interaction of the activators in the glass depends on the spacing between
the active ions. With usual laser concentration of Nd3+ ions on the order
of 2+1020 cm3 the average distance between the activator ions is about 2,1 mm.
However, the actual spaces can differ sharply from the average. As a result
of the processes of chemical differentiation, the glass is inhomogeneous,
there are two types of regions in it--polar (ionogenic) regions enriched with
modifiers and covalestly bound regions containing predominantly glass former
polyhedra [83, 110, 209]. The size of the region depends on the glass composi-
tion and the conditions of its heat treatment, and it increases in the lique-
fying glass., The activator, which usually plays the role of a modifier, has
a tendency to accumulate in the ionogenic regions where its local concentra-
tion can greatly exceed the average-and where segregation of the activator
takes place [210]. This leads to the formation of pairs of groups of close
RZI analogous to the clusters of paramagnetic ions (see, for example, [211-
214]1). Increasing the local activator concentration can be connected with
microstratification of the glass [215]. However, this obviously is not manda-
tory [209, 216, 217]. Such processes are most strongly expressed in quartz
glass [211, 218], in silicate glass inclined toward liquation with relatively
- low modifier content and in glass with two or more glass former ions (boron
silicate, boron phosphate, and so on) with defined concentration ratios of
such ions (see, for example, the survey [209]). As a result, irtensification
of the interaction of the active ions takes place-- quenching of the
luminescence of part of the activator ions forming associates [117, 209],
variation of the energy transfer efficiency between the activators [209, 216,
217, 219-221] (Chapter 3).

- The processes of segregation of phosphate glass depend on the composition and
structure of the glass, and for ordinary activator concentrations (2—6).1020
cm~3 for Nd3+ dions, they can be expressed either very weakly (which,

az according to [222], occurs for GLS-22 glass) or, on the contrary, strongly
(as for alkaline boron phosphate glass [117]). Tua purely phosphate glass,
the average distance between the Nd3* ions for whici the luminescence life-
time in the 1.06 micron region becomes half that in glass with low Nd3+ con-
centration, is less than for other types of glass--silicate, germanate,
borate [223]. This can also indicate comparatively uniform distribution of
the activator in such glass.

The segregation effects apparently are manifested most weakly in phosphate
glass with predominantly trivalent cation modifiers with high P2C5 concentra-
tion (more than 60 mole %), in which the concentration quenching « of the
- luminescence of the activator is most sharply expressed [206, 207, 224-229].
The study of such glass began after detection of intense Nd®" luminescence
in a series of neodymium-coataining crystals with Nd3+ concentration of
(3 to 4)-1021 cm—3, exceeding by more than 20 times the Nd3+ concentration
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in ordinary YAG crystals Y3A150 2:Nd3+ . Here we are talking about phosphate
crystals NdPgO74 [206, 230, 231}, Me"'Nd(PO3)4 [230, 232] (where Me+=Li+,
Nat, kt, Rb*), NdA13(B03); and certain other materials [230, 232, 233].

The most significant structural peculiarity of such crystals obviously is
the location of the active ions in the common cation motif. The form of the
aluminum grouping in this case can be different. TFor example, the concentra-
tion quenching of the Nd luminescence is low in RbNA(P 012) crystals
with ring tetraphosphate ion [P4012]% [234], in MeNd(PO3), (Me=Li, Na, K)
with infinite metaphosphate chains (PO3)7 and in the ultraphosphate NdP5014
with P50143 strips [230, 232]. 1In all these structures with different anion
motifs, the activator polyhedra are isolated, that is, there are no Nd-0-Nd
bonds in the structure, and the Nd-Nd spacing exceeds 0.5 nm. Even a small
(to 0.481 nm) decrease in the shortest Nd-Nd distance leads to KqNd(P0s) ,
[235], where the Nd3+ polyhedra also_have no common peaks, to an increase in
the concentration quenching of Nd3®¥ luminescence, although not to
such a degree as in phosphate crystals, in which two neodymium atoms are
bound directly through a common oxygen (for example, in (La, Nd)PO4) [203].
These crystal chemical characterigiics are insufficient for the decreased
concentration quenching of Nd”" luminescence; the structure of the energy
levels of the neodymium ion, the phonon spectrum of the matrix, and so on
are also significant [231, 236]. However, for oxygen compounds this obviously
is necessary. Such conditions can be satisfied in two cases: either in the
cation motif of the lattice the activator ions and other cations alternate
in ordered fashion or in the compound containing only the activator as a
cation, the anion motif creates steric obstacles for direct cation-cation
contacts. The first case is realized in the phosphates Me"'Nd(P03)4, in
) YA13(BO3)4, in NasNd(W04)3, K5Nd(Mb04)3 [237], and so on. In known structures
. of this type the activator cations make up no more than half of the total
number of cations. The anlon groupings can be discrete, just as in
RbNd[P4012] (rings of 4 tetrahedra) or chain, as in MetNd(P03)4 (Me+=Li+, Nat,
. The repregentatives of structures of the second type are ultraphosphates
of rare earth ions of the MeP5014 type, ultraphosphates MeP40711 (Me=Mn, Ca).
Analysis of the spatial relations of the cation polyhedra and anion motif in
these structures led to [136-138, 142, 143]. It is interesting that the
ultraphosphate motif does not necessarily insure absence of contacts of the
cation polyhedra: in the ultraphosphate CdaPg017, the Cd cations are arranged
in pairs [143]; in the SryP¢077, the Sr polyhedra are tound into infinite
chains [140, 143].

Thus, two groups of phosphates are now known in which the polyhedra: of the
rare earth cations are arranged in isolated fashion, and the spacings between
the cations are quite large: these are compounds of alkali and rare earth
cations and ultraphosphates of rare earth ions. Thesimilarity of the energy
structures of the levels and lifetimes of luminescence in both types of de-
hydrated crystalline and vitrecus phosphates with high NdH concentration
indicates closeness of their structure. Concentration quenching of the
luminescence in such glass is rather weakly expressed Let us note that
the conclusion of reference [204] that glass belonging to the ultraphosphate
region of compositions has anomalously weak concentration quenching of the
Nd7" luminescence independently of the chemical composition of the modifying
oxides, appears to be inaccurate. First, as follows from the above-presented
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investigation of crystal phosphates of RZI, the anomalously weak quenching
of the luminescence must not be a property of ultraphosphate compounds alone.
This 1s confirmed completely by the studies of the luminescence of a number
of metaphosphate glasses of the type Me*Nd(PO3), and MeZ+Nd (PO )5 containing
Nd3* ions and ions of alkali and alkali earth metals [224, 229?. Secondly,
the cation motif of crystalline ultraphosphates can be constructed differently,
as has already been noted above, and, consequently, the structure and proper-—
ties of the different ultraphosphate glasses can differ. The structural
investigations of the ultraphosphates were started only recently and demon-
strated large crystal chemical uniqueness of these compounds [143]. The
spectral luminescence properties of glass have now been studied only for the

: simplest ultraphosphate systems with close structural characteristics, and -
further work is needed in this area.

~As has already been pointed out above, the Nd-Nd spacing, which exceeds about
0.5 nm, is on%+of the necessary conditions of low concentration quench-

ing of the Nd”" luminescence, which is connected with strong dependence of

the interaction of the active ions on the distances between them (Chapter 3).
The total probability of the loss of excitation of the activator characterizing
the degree of extinguishing of its luminescence IW,, is proportional to Z(1/RS6),
where the interacting activator ions located at a gﬁstance €R are considered
together [231]. Let us conaider how this lattice sum varies for different
distribution of the distances between the active ions for Nd3 concentration
of 2.7°1021 cm™3 used in references [225-228, 238]. The average volume cal-
culated for the Nd3 ion is 370.10~3 nm3. For the most tightly packed
arrangement of the spheres, they take up 74.05% of the total volume [148];
consequently, if we consider such packiné, then the volume of the sphere
corresponding to one NdH fon is 275.10~ nm3, and its radius is about 0.4 nm.
The spacing between the centers of the spheres 0.8 nm is the average distance
between the Nd3* ions. For the tightest packing of the spheres, each sphere
is surrounded by 12 adjacent ones, the lattice sum with respect to which is

46 nm~6. Now let the spacings differ from the average and let two activator
ions approach the central ion to 0.4 nm each, which corresponds approximately
to the Nd-Nd in the chain of polyhedra connected along the edges. Then the
lattice sum increases to 530 nm~6, that is, by more than tenfold by compari-
son with the ordered distribution. If the twoe closest ions are removed by

a distance of not 0.4, but 0.5 nm, then the lattice sum decreases to 170 nm~6,
that is,.by 3 times. Thus, it is not the average distances, but the nearest
activator-activator distances that are significant.

The study of the concentration quenching of Nd3* luminescence in
phosphate glass indicates [206, 229, 232, 233, 238], that its probability is
only insignificantly--by 1.5 to 2 times~-greater in glass than in crystals
of analogous composition with low concentration quenching of the Nd
luminescence for concentrations to (3.6 to 4):102% cm~3, This pertains both
to ultraphosphate glass of the type (NdLa)P50;4, Li-Nd-FS, and so on, and
to metaphosphate glass type MeNd(PO3); (Me=ii, Na, K, Rb). Hence, two
imgirtant conclusions about the structure of the glass follow. First, the
Nd“* iong are comparatively uniformly (just as in crystals of this type)
distributed with respect to the body of the glass, not forming associates
with small Nd-Nd distances (less than about 0.5 nm). Secondly, the ordered
alternation of the alkali cations and Nd3+ ions characteristic of crystals
of double metaphosphates MeNd(P03)4 is also retained in glass, preventing
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the formation of Nd3* polyhedra bound along the edges or at the apexes. The
last conclusion indicates the active role of the cations in the construction
of the phosphate glass structure as was noted above also for crystals.

The crystal chemical investigation of the structure of the glass and the
structure of the active centers permits explanation of the laws of variation
of the spectral luminescence and physicochemical properties of glass and pro-
vides a basis for structurally substantiated selection of the compositions
of phosphate glass with the most expedient combination of properties for

the specific applications.
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CHAPTER 3. NONRADIATING ELECTRON EXCITATION ENERGY TRANSFER IN LASER GLASS
§3.1. Classification of Nonradiating Transfer Processes

In the physics of laser glass, just as other types of luminophors, an excep-
tional role is played by nonradiating electron excitation energy transfer
(BPV), which can be defined as the physical process in which primarily the
excited particle--the energy donor D*--as a result of weak interaction with
another particle--the energy acceptor A--makes the transition to the electron
or electron vibrational state with lower energy, with simultaneous transition
of the particle A to the state with higher energy. Photon emission does not
occur in thiscase, thatis, the process is nonradiating. For gignificant con-
centrations of rare earth ions (RZI) it is necessary also to consider the
possibility of the appearance of radiating transfer caused by reabsorption -
by the acceptor of the emission energy of the excited donor. However, the
influence of this factor on the spectral luminescence and lasing characteris-
tics of the glass is limited.

In glags which is prospective as an active medium for lasers, as a rule, the
energy donors are trivalent RZI excited to one of the high electron states.
Sometimes a study is also made of BPV from certain transition metal ionms,

for example, cr¥+ , Mn2+ N Mot » or molecular groups, for example, U02+ excited
to the metastable electron vibrational state. The circle of energy acceptors
is much wider. For any donor the acceptors can be any impurity ions or ions
belonging to the glass lattice capable of absorbing transitions, isoenergetic
or resonance, with the inveg_l_igated radiating transition D*, As an example,
let us indicate the ions Sm Dy s Pr3+ Yb3+, Cu2 V[’"‘, Fe2+, and so on
for D*-ions Nd3+ or the ions Nd3+ Sm3+, Pr3+ and so on for the D*-iomns
Er3*, The requirement of isoenergetic nature is not strict. Cases are
known where BPV takes place quite effectively with an energy difference in
the radiating and absorbing transitions to 4000 cm—1 (the pairs Thb3-Yb3+,

-y 3+ , and so on [209]). The energy acceptors must also include molecu-
1ar groups, overtones of high frequency vibrations which sometimes are
manifested in the infrared absorption spectra with sufficient intensity for
effective BPV to energles of 5000 to 10000 cm~1l, As examplg_ we have the
hydroxyl groups OH~ or glass-forming anions (8104) b-, (PO4) 7, and so on.

Thus, beginning with the nature of the transitions participating in the BPV
act, it is possible to talk about two types of BPV with participation of
RZI, namely, the ion-ion (1) and ion-vibrational (2). Each of these types
has, in turn, several variations.
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Let us enumerate the variations of the ion-ion BVP:

la) BPV with complete excitation energy degr@dation in A to thermal lattice
vibrations as a result of nonradiating relaxation of the excitation between
the levels io the ground state (Figure 3.1, a) (examples: Nd3+(4F3/2+419/2;
4111/2)-Fe2 3 Er3+(4113/2+4115/2)-Nd3+(419/2+4115/2), and so on (see

Figure 3.3 below). .

1b) BPV with nonradiating relaxation in A to the metastable state with subse-

quent emission of a quantum of energy hw,<hw; (Figure 3.1, b) (examples:
A - 2 .

Nd3+(4F3/§'> 19/2) ng"'( F7/2'*2F5/2) H Yb#(2F5,2*2F7/2)-Er3+(4115/2+4111/2) ’

and so on).

lc) Cross relaxation of the excitation energy through one or two intermediate
levels in the D*-A pair from the identified particles (Figure 3.1, c)

(classical example: NA¥(%F3/p¥115/9; 41,5),)-Na3F (414 5341, 4,55 4115,5)).

1d) Multiple BPV with respect to like particles without significant non-
radiating relaxation of the excitation energy for a unit act of BPV usually
called the process of excitation energy migration with respect to the

donor subsystem (Figure 3.1, d) (examples: Nd3+(4F3/2+419/2)-Nd3+
(419/2+4F3/2)—...-Nd3+ and so on).

le) BPV to the acceptor which is in the excited state (AR) (Figure 3.1, e)

: 4 - . 4 - -
(exg.?p:l;es. 1Nd3+(4F3/2—> Tg/2)-Na¥* (474 ,02P, 0) 5 NaH PPy, ,-41 )
=005 (PN, > Zoul) [246] and so on).

1f) Cooperative BPV or simultaneous excitation energy transfer from two

or more donors to one unexcited acceptor with summation of the energy quanta
[216, 245] (Pigure 3.1, f) (example: Yb3*(2F5/2+2F7/2)+Yb3+(2F5/2+2F7/2)—

-Tb 3+ (7Fg>3D,)) .

The versions of ion vibrational BPV (Figure 3.2) are as follows:

2a) BPV to overtones of the vibrations of the impurity molecular groups.

For oxide glass acceptors of this type can be oxyhydryl groupings (OpHj)~
dissolved in the majority of them, of which the hydroxyl groups (0H)~ have

the greatest significance. In the general case, the (0D)~, CH, and other groups

can be analogous quenchers.

2b) Intracenter BPV to vibrations of glass forming molecular groups enter
into the first coordination sphere of the D%,

These groups include the anions (8104)4‘, (P04)3', (BO3)3', (Ge04)4', and
so on.
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Figure 3.1. Versions of ion-ion nonradiating electron excitation
energy transfer. Solid lines--radiating transitions;
dotted lines--BPV D*-A; wavy lines--nonradiating transitioms.
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Type 2b-is the most specific variation of the BPV phenomenon, for, in contrast to the others, it
1s present in all types of glass for any activator concentrations. All

other versions of BPV are of an intercenter nature, and they can theoretically
be eliminated by decreasing the acceptor concentration.

Let us also emphasize that all versions of ion-ion BPV are at least three-
particle processes (D*-A-lattice phonon), inasmuch as they are continuously
related to the ion-phonon interactions: direct (single phonon), multiphonon,
Orbach [242, 243], and so on. These interactions permit dispersion of the
axcess energy during the 3PV act or, vice versa, they cover the energy shortage
in the case of antiStokes BPV (th<hmA). The lon-vibrational BPV can also be
two-particle (D*+molecular group).
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Figure 3.2, Diagram of the ion-vibrational nonradiating
electron excitation energy transfer; s-- number of the
vibrational mode
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The influence of BPV on the spectral luminescence and lasing characteristics
of laser glass is dual. On the one hand, the BPV, primarily versions la, 1b,
le, 2a, 2b, has negative influence on these characteristics, for it leads to
nonradiating energy degradation of the metastable states of the donors and,
therefore, to_a reduction in quantum yield q, average duration of the
luminescence T,, a reduction in lasing efficiency and an increase in the
‘lasing thresholds. Here BPV type lc can be the cause of concentration quench-
ing of the D* luminescence even in the absence of foreign quenching admixtures.
The excitation migration process with respect to the D* ions does not directly
cause quenching of their luminescence, but promotes it indirectly, leading to
spatial convergence of excited donors with the quenching centers.

The BPV type 2b serves as a cause of negligibly small quantum yield of
luminescencé of the RZI from the majority of upper excited states, which
sharply limits the number of potentially possible laser transitions. As for
BPV type le and 1f, they have a ' nonlinear nature, that is, they depend on
the excitation level. At high exeitation levels characteristic of laser
operating modes, their contribution to the quenching of luminscence of the
metastable states of the activators in some dases also must be considered.

On the other hand, BPV is very useful, for example, when it is accompanied
by the effects of sensitizing the luminescence of RZI not having natural’
intense absorption bands (BPV type 1b), and therefore it permits expansion

of a number of ions prospective for the c&e_atian of lasing media. Thus,
obtaining effective lasing on Er3+ and Yb”" ions turhed out to be pogsible

in practice only as a result of sensitizing their luminescence by b} and
Nd3+ jons respectively. The process of migration of the excitation under

‘the conditions of strong nonuniform broademing characteristic of luminescence
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- and absorption bands of RZI in glass insures effective energy exchange between
the activators, restoring their equilibrium distribution disturbed during the
lasing process, and thus it has a positive influence on the efficiency, lasing
spectrum and other characteristics of the laser. The process of nonradiating
deactivation of high excited states as a result of BPV type 2b turns out to be
useful if we consider the efficiency of the accumulation of excitation energy
absorbed in various activator bands in the metastable state. In some cases,
for example, for a laser-pumped erbium laser (Chapter 6), the energy relaxa-
tion rate between the excited states can have decisive influence on the
operating efficiency of the laser. The processes type le and 1f are used for
visual display of the infrared radiation [245].

Thus, the manifestations of BPV in laser glass are extraordinarily varied both
with respect to nature and with respect to effect on the spectral luminescence
and lasing characteristics of the glass. Selecting the glass composition and
concentration of the activators and sensitizers, carefully purifying it of
harmful admixtures and introdu:ing useful ones, it is possible to suppress or
amplify the efficiency of certain versions of the BPV and as a result, signif-
icantly to improve the lasing characteristics of the glass or create new
types of glass lasers. Examples of the progress made in this approach are
erbium lasers with laser pumping [101, 247], minilasers and microlasers based
on concentrated neodymium glass [207, 225, 228, 229] and ytterbium lasers.
However, for this purpose it is necessary carefully to study both the general
laws and mechanisms of various versions of BPV and the dependence of their
efficiency on the structure and composition of the glass and also the specific
nature and quantitative characteristics of.BPV in various pairs especially
important for applications. The indicated problem was stated in general form
- at the dawn of the "laser age," at the beginning of the 1960's. A number of
experimental and theoretical studies have been performed in the past, but we are
still a long way from a really complete solution of it. The primary cause
of this situation is complexity of the objects of Investigation: as a rule,
in real systems, several versions of BPV appear in parallel, frequently com-
peting with each other. In addition, in the framework of each of them usually
several pairs of resonance and nonresonance transitions compete with the
- participation of various Stark components of the initial and final state of D
: and A.

Let us demonstrate this in the relatively simple example of neodymium-doped
glass. The luminescence from the intermediate excited states of the ions

Nd3+, 41%1/%, 4113/2, 4115/2 (Figure 3.3), just as from the high excited
states, Is’ fully quenched as a result of type 2b BPV. Luminescence from
the metastable state 4F3 2 1s quenched . by uncontrolled admixtures from

- the series Fe2+, cu?t, V4¥, py3+, pr3t, sm3+, Er3, Tm3+, yb3+, Ni, Co and
so on [248] (the transitions in the Nd>t ion to the 419/2 and 4111/2 levels
compete) and also on vibrations of the OH -groups (transitions to the

4113/2 and 4115/21evels compete), and in some cases on_the matrix vibratioms.
In addition, already for moderate concentrations of Na3+ ions, approximately
1 to 2 Z by weight, the cross relaxation process begins to be manifested
(type 1c), where transitions compete with the participation of the 4113

and 4115/2 levels. _The process of excitation energy migration with respect
to the system of Nd3H ions deepens the effect of all of the impurity quench-
ers, Finally, with high populations o7 the state 4F3/2 (greater than 1019
em™3), nonlinear quenching as a result of BPV type le is also possible
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[249]. The picture of the microscopic effects connected with BPV is still
more complicated by the irregularity of the distribution of the donors and
- acceptors in the glass.

The noted factors complicate interpretation of the experimental data in the
case of single center crystals. 1In glass, new complications are added to them:

1) Powerful nonuniform broadening of the spectral bands (NUP) of D* and A
which lowers the probability of exact resonance of the transitions even for
like interactions of the centers; in addition, spectral dependence of the
probabilities of the radiating transitions [250] and, as recently demonstrated,
the force of ion-phonon interaction arise [251].

2) In glass matrices consisting of like structural elements, the vibrational
spectrum is richer, including, in particular, the shorter wave modes, than

in the majority of ion crystals, which promotes increased probability of
nonradiating transitions, and as will be demonstrated below, greater effective-
ness of the nonresonating BPV,

3) A tendency toward segregation or selective entry of the activator causing
its nonuniform distribution, which is observed in a number of types of multi-
component technical glass (Chapter 2).

New highly informative experimental methods have appeared only recently which
permit quantitative study of various versions of BPV in glass on the level of
the elementary act of interaction. These methods are primarily related to
the development of procedures and equipment for selective laser excitation
[252, 253] and highly sznsitive systems for counting phonons with high time
resolution [254].

In this chapter, on the basis of the latest experimental data an effort is
made to discuss modern concepts of mechanisms and basic laws of the BPV pro-
cesses in laser glass from united points of view, especially affecting the
location and specific nature of phosphate systems in the general series.

§3.2. TIon-Ion Excitation Transfer--Theoretical Coucepts

The modern state of the art with respect to theoretical concepts of BPV in
condensed media has been discussed in the monographs [239, 240], surveys
[243, 244] and other works. . During this analysis it is necessary clearly
to delimit the theory of the elementary BPV acts and the theory of the inter-
relation of the latter to the macrocharacteristics of transfer in the set of
excited and unexcited donors and acceptors. The former is devoted to analysis
of the mechanisms of elementary acts considering the effect on them of the
solvent matrix. The latter presupposes various relations relating the
macroscopic characteristics of the BPV (the kinetics of the luminescence of
the donors and acceptors, the quantum yield of the donor luminescence, the
effective relations of the luminescence, and so on) to the parameters of the
elementary acts as a function of the nature and dynamics of the mutual
arrangement of the particles D* and A and the distribution of the transition
energies.
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Figure 3.3. Diagram of the energy states-of rare earth ioms in
glass [95]. Vertical solid lines--transitions investigated by
the authors in the case of quenching on matrix vibrationms;
dotted lines--on OH-group vibrations

BPV Elementary Act. As is known, the 4f-electrons of rare earth ions are
shielded to the maximum and are localized by comparison with the optical
electrons of all other known luminescent ions. As a result, overlap of their
wave functions with the wave functions of even the nearest neighbors is

very small, and the rare earth ions are weakly bound through the crystal
field of the ligands to the surroundings; in other words, both for interion
and for ion oscillatory interactions with the participation of rare earth
ions, the case of very weak bonding is.realized. The spectroscopic attributes
of the weak ion-ion bond are absence of any significant (by comparison with

76

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

FOR OFFICIAL USE ONLY

Avsingle) splitting of the spectral lines with an increase in the RZI concen-

tration, and the ion-phonon, low intensity (especially in glass) of the

electron-vibrational satellites of the electron transitions. For example,

for Nd3+ ions in glass, they are almost ‘undetectable, and for Yb3+ ioms,

they are observed in the absorption and luminescence spectra with an intensity,

approximately 100 times less than the intensity of the phononless lines.

What has been stated above must be constantly taken into account when analyz-

ing the applicability of the general principles of the theory of the elementary
_ act of BPV to the case of RZI in glass. At the limit of weak bonding, the

probability of this act in the D*-A pair usually is recorded within the frame-

work of the nonsteady theory of perturbations in the form [239]

Waa= %Ll <Hm) o (E), (3.1

where <Hp,> is the matrix element of the Hamiltonian of interaction causing
nonradiating transition, and p(E) is the density of the finial gtates of the
D* + A + lattice system. The form of <Hpp> depends on the mechanism
of electron interaction in the D*-A pair and also on the propositions with
respect to the nature of the ion-phonon interactionsactive in the BPV act.

The electron interaction in the general case can be caused by electrical multi-
polar, magnetic dipole or exchange interactions. However, for RZI in dielec-
tric matrices, the contribution of the magnetic dipole transitions to the
optical BPV is negligibly small [242, 244], even when the electric dipole
transitions are forbidden by the rules of symmetry. Strong localization of
4-f-electrons and significant minimal distances in the D-Al pair by comparison
with the dimensions of the interacting oscillators- prevent effective manifes-
tation of the exchange _ .. interactions, inasmuch as for
the latter the value of |<HDA>|2 decreases with distance exponentially with
the index of the order of the dimensions of the electron shells D and A. 1In
any case, in spite of the many efforts up to the present time convincing
experimental proof of noticeable contribution of the exchange interactions
to the BPV between the RZI was. not obtained. Thus, preference should be
given to the electrostatic coulomb multipolar interaction of quantum oscilla-
tors corresponding to the interacting transitions. This type of interaction
in the adiabatic approximation 1s characterized by the inverse exponential
dependence of the square of the matrix element on the distance Rpp between

D and A [257]: -

| Hpad [*s= RuZ, (3.2)

where m is the multipole parameter equal respectively to 6, 8, 10 for the di-
_ pole-dipoles, dipole-quadrupole and quadrupole-quadrupole transitions.

1The dimensions of the RZI-oscillators are less than the dimensions of the
ions and the dimension of the 4-f-shell of the ion, where the transition is
realized, that is, less than 0.5 to 0.6 angstroms. At the same time, the
least distance from these ions to the nearest coordinating atoms of the matrix
is more than 2 angstroms and, consequently, more than 3.5 angstroms to the
adjacent RZI-center.
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Proper consideration of the nature of the ion-phonon interactions presents
a more difficult problem. The first quantitative theory of the elementary
act of BPV was the theory of resonance Foerster transfer [256] later general-
ized by Dexter [257]. 1In this theory the participation of the matrix is
considered phenomenologically through the overlap:integral of the radiation
spectrum D* and the absorption spectrum A, Here adiabatic approximation and
the proposition of independence of the vibrational wave functions of D* and A
are used. The theoretical result is presented below in experimentally
measured values for dipole~dipole BPV:

174 ='—-—Q"’—‘Sg (V) ka (%) v"%dv (3.3)

AA T (B R s ) SR A '

where gn(%) is the form factor of the luminescence band or the quantum spec-
trum of the emission D* normalized with respect to area; kj(V) is the linear
absorption coefficient of the acceptor on the scale of wave numbers (em1);
Tgp is the radiation lifetime of the excited state D* (sec); Ny is the con-
centration A (cm3); n is the index of refraction of the matrix; x2 is the
"orientation" factor taking into account the averaging of <Hp,> with respect
to orientations of the dipole moment.

T R
|

—_——

Figure 3.4. Posgible diagrams of the resonance and nonresonance
- processes of ion-ion BPV,

a) single-phonon nonresonance; b) Raman resonance; c) two-phonon

nonresonance; d) Orbach resonance; e) multiphonon nonresonance.

The simplicity of practical determination of the values entering into (3.3)
and good agreement in a number of cases with the experiment gave rise to wide
popularity of the Foerster theory. It was subjected severasl times to theoret-
cial checking in order more precisely to define the limits of applicability
(see [239, 240]). In this respect, another phenomenological approach turned
out to be fruitful--the method of the density matrix which, in particular,
permits more precise determination of the weak bond condition [240]. Further
progress is connected with the development of the quantum microscopic theory,
in which ion-ion interaction in different approximations is con-

sidered directly. Figure 3.4 shows the basic diagrams of the ion-ion BPV
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(two~1level approximation) with the participation of different ion-phonon
interactions.* Table 3.1 gives a brief summary of the results obtained in
the framework of microtheory. For the two~phonon processes of type b and d
its conclusions coincide with accuracy to the correction factor with the
results of the phenomenological approach. This is not unexpected inasmuch
as the indicated processes, as is known from [240]> determine the mechanisms
of uniform broadening of the spectral bands. With respect to all data, they
make a decisive contribution to the total efficiency of the BPV in the
resonance region E<M)single where §=|ED-EA|. The single-phonon process

Table 3.1 - > — ;
) (2) 3 (3) 3asnceMocts W, (T) (4)
8'4 ) 3wonuo~cwb . ) HcTouunK
2 y [ : AaHINX
%g Ral ) - T€B, Ty
2] -
o T t|er (240, 242
Wnacoe! e Lol ee ) '
= 1 243
i Rt N[exp"s T ] 261266,
269—271]
B | Wypeos ol wf | [265]
G p‘;}nA=com;' TS T2 {265]
Lo~y - AEN L ooma 265]
d -WJIA'NP‘-’Y ool exp (-m) .
| m[exp—z— ' ‘
L~ kg T™ RN
e .| Wy,éoexp{«-o) B _ "% | [os8] -
' B - [—hnep/z

8p is the Debye temperature of the given matrix; AEi is the energy difference
between the operand and the metastable states; o is™ a parameter,

Key:

. Numbers according to Figure 3.4

. Function Wpp ()

. Function Wp, (T)

. Data source

SN

type a is ineffective here on the basis of low density of the phonon states
of the matrix which for &<<Vp, where Yp 1s the Debye frequency (on the scale
of the wave numbers); is usually proportional to g2 [242]. The above-
mentioned correction factor depends on Rp, and can be appreciably less than
one for small Rpp on the order of several lattice comstants [273, 274],
Inasmuch as for an effective interaction radius of the RZI R; determined
from the condition WDA=(T2D)-1, where Ty 1s the average duration of

D* luminescence in the absence of A, these parameters are characteristic,

lThe BPV diagrams with the participation of virtual phonons [240, 260, 259]
and excitom [240] of the matrix have still not been taken into account, for
it is assumed that the investigated transitions are located far from the
fundamental bands in the infrared and ultraviolet absorption spectra of the
glass.
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this factor must be considered. However, 1ts numerical estimates for RZI

in glass are unknow. When analyzing the resonance BPV it is also necessary to
consider the type b process, the probability of which does not have a simple
relation to the band widths,

The single-phonon BPV process becomes weighty in the region A“single<éfvn°
Depending on the-propositions regarding the mechanism of ion-phonon inter-
action by the magnitude of the parameter qv=2wc§RDA/vsound (Vgound 1s the
speed of sound in the medium) characterizing the relation between Rpp and
the wavelength of the active phonon in the BPV act, various relations Wy, (®)
are obtained for it. However, it must be emphasized that in all cases they
turn out to be increasing, having an exponential form with the exponent
s=1-3. In references [271, 272], in the expression for Wpp for qv>>l, an
additional dependence on R appears in the form of the factor proportional to
Rai. Let us also note that one of the investigated mechanisms of single

phonon nonresonance BPV corresponds in Foerster theory to overlap of the
phononless bands and single~phonon wings in the D* and A spectra. However,
in [240, 266, 271] it is demonstrated that this concept is valid only in the
region q,>>1, that is, for &>100 cm~l, if Rpp=10 angstroms,

vsoundZS-lOS cmesec~l, Nevertheless, for RZI in glass, the region €s5100 em1
is of greatest interest, inasmuch as - the values of AYy=5-100 em™1
and AV 4.7, from 10-4-10"3 co1 at low temperatures to 5-20 cm~l at 300 K
are charac%eristic for them.

In the multiphonon region é>§maxzﬂ » where V.. 1s the boundary frequency of
the spectrum of basic vibrations of the matrix, the function Wpa (&) again
becomes decreasing close to the exponential curve. Thus, the microtheory of
BPV has made it possible more preciseiy to define the limits of applicability
of the Foerster theory and has preposed several mechanisms, for the
phenomenological approach obviously not considered, Unfortunately, on the
basis of indeterminacy of the approximations made in different models and
also as a result of the presence of parameters not subject to direct exper-
imental determination, the microtheory of BPV does not permit calculation of
absolute and relative efficiencies of the interactions caused by these
mechanisms, which complicates the selection between the transfer models in
specific experimental situations. Nevertheless, the conclusions of the
theory of the nature of the functional dependencies Wpa(%), Wpa(Rpp) and
Wpa(T) put the "keys" in the hands of the experimenter for checking its
principles and discovering the predominating mechanisms of the ion-ion trans-
fer between RZI,

Interrelation of the Macrocharacteristics of BPV with the Parameters of the
Elementary Acts. With respect to nature of occurrence of the energy transfer
processes in the D*+A system, usually two situations are distinguished:

static and dynamic. The sign of the static nature of the BPV is absence of
spatial wandering of the excitation with respect to the donor subsystem,

which 1s typical of small donor concentrations. The procedure of averaging
the probabilities of elementary acts with respect to configurations of the

set of statistically uniformly distributed particles of the donor with respect
to the acceptor was first proposed by Foerster [256]. Later, it was developed
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in references [274-279] and a number of other studies. In the case of multiple
approximation of the donor-acceptor interaction the luminescence damping
kinetics D* are described by the expression

Nx(0) = (9 oxp{— Gooear (1 -3 cxzem) (3.4)

and, in particular, for dipole-dipole interaction by the relation
No@®)=Y (yexp[—yV1l, (3. 4a)

where ND(t) is the population of the radiating state D*; the function Y(t)
expresses the luminescence damping law D* in the absence of A (in the general
case, nonexponential); I'(x) is the gamma function; Cpa is the microparameter
of the interaction D*-A related to Wpj by the expression Wpy (R)=CpaRpR;

Y is the parameter determined from the expression

3/
Y =Z—cllaxa (3.5)

The formulas (3.4), (3.4a; are valid for the following restrictions:
1) the inverse transfer A*»D is absent; 2) Aph+& M ; 3) Fu/Nux <1, where Hunu
is the total number of plages which could be occupied by acceptors per unit
volume. The last restriction provides that the averaging be carried out with-
in the limits of the statistically uniform distribution of D* with respect to A
without considering afinite number of places which can be occupied by the
acceptor:: in the nearest coordination spheres near D¥; this is admissible

_ only for small A concentrations. The case Np/Np,.+1 was investigated in
[274, 279]. It was demonstrated that here the luminescence decay kinetics
approach exponential with characteristic time determined by the total sum of
the probabilities of the interaction with respect to all nodes of the acceptor
sublattice. The exponential kinetics are manifested first of all in the
initial phase of the process of luminescence decay. In [280], consideration
is given to the influence of the minimum distance of approach of the donor
and the acceptor Rpine It is demonstrated that in the initial stage of decay
(for t<<R? /C ) there is a relatively short exponential section which can
be noted tor IVA+ or for very small interactions, that is, for
CoAT 15" Rnin-
The formulas (3.4), (3.4a) are derived for the case of excitation by a
§-pulse. The damping law for any other type of excitation can be written
in the form of a convolution in time:

t
N = [ Na@ =D ds (3.6)

where A(t) is the shape of the optical excitation pulse. For example, after
switching off the steady-state excitation, the luminescence damping kinetics

B are significantly closer to exponential than (3.4) [275]. The decay law
with an exchange nature of the interactions in the pairs D#*-A also differs
sharply from that described by formula (3.4) [278]. Nevertheless, in spite
of the indicated restrictions, the law {3.4) is quite universal and applicable
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according to [286], also to the media with nonuniform broadening if instead
of Wy, we use the probability Wpa averaged with respect to the transition
energies.

With increased concentrationsof D, the process of quenching by the acceptor
1s stimulated by migration of the excitations with respect to the donor sub-
system and when finding the function Np(t) it is necessary to consider the
dynamics of the spatiasl distribution of D* with respect to A. This situation
is more complicated for interpretation and it is described within the frame-
work of various models of quenching [274, 278-288]. Qualitatively, the energy
migration with respect to D leads in all models to an increase in the rate

of the luminescence decay process and its exponentialization in the final
phase. The parameter of the exponential curve W defining the rate of migra- ,
tions controlled quenching of luminescence of D* depends not only on ¥y and Cpp:
but also on . the concentration of the donors N and probability of the ele-
mentary act of donor-donor interactions Wnn=C DREB. However, the form of this
function is essentially different in different theoretical models. Analysis
of the conditions of applicability of one model or another, their approxima-
tions and limitations can be found in references [281, 284]. The results of
such an analysis reduce to the following.

First, it is necessary to distinguish the migration controlled phase of
quenching from the kinetics phas:e.l The condition of realizing migration

_ymin - ~ -1
controlled quenching has the form Wps<<E, where =W -"(t,) 1/(W']§in+('cA) )

defines the rate of irreversible energy runoff to the acceptor subsystem;
W%%“ is_the_probability of the elementary act of BPV at a minimum distance

n’ (1,)”" is the average energy relaxation rate in the acceptors. Thus,
the bottleneck in the given case is the migration rates of the energy with
respect to the donor subsystem. In the kinetic: stage of quenching (WDD>>E)
the limiting factor 1s the excitation energy discharged through the acceptors.
Here the luminescence quenching rate can be limited by the transport D*-A
(W'ﬁ&“«('rA)'l) or the excitation relaxation in the acceptors W‘B‘in»('rA)‘l).
Secondly, in the migration controlled phase the quenching kinetics are
described within the framework of the diffusion or jump limits. The former
is applicable for a ratio of Cpp>>C. .. The solution of the diffusion equations
is found in different approximations in references [274, 279, 280, 283, 284,
287-289, 291, 292]. The asymptotics obtained by different authors do not
agree with each other, For resonance dipole-dipole interactions in the
pairs D*-D and D*-A for uniformly broadened transition bands, the process can
be approximated by the following analytical function [281, 293]:

Nyilty+- exp - T_’);_ V1T W) (3.7
\ N ;

1The latter is sometimes called "supermigratioan'" [281].
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where _ o .
W APl (G e,
(3.8)

different authors use different values of the coefficient A, and the value
of x varies from 5/6 to 3/4.

For C the application of a jump limit is more substantiated. In this
case PRe resulr.s of references [273, 274, 279, 282-286, 289, 291, 292] are
much closer to each other:

W = BA AN nCHACKR: (3.9)

However, the values of the coefficient B do not coincide here, varying as a
function of the simplifying assumptions made within the limits of 16 to 27.
Uniformity of expressions (3.8) to (3.9) was also confirmed by numerical
simulation [287], but here the coefficient B turned out to be smaller:

B was equal to approximately 14 for ordered arrangement of D and 3.5 for
random arrangement. Finally, the calculations performed in [289] demon-
strated that the function (3.9) is maintained with an error to 10% in the
region CDDZO. SCDA.

Thirdly, the kinetic stage of quenching is realized in a broad range of

concentrations N, >N°r, where ”cr ~1,5 (Cp, \0® except in
3 GTIZ—I (len) L
the jump model.
Here o . .
W = T“aJVAC,I!A (len)_'ha
(3.10)

and does not depend on Ny and CDD [284, 285]. At the diffusion limit the
kinetic phase is attainable only in the region Np/N _ +1

The above discussed results are obtained under the assumption of resonance
- dipole-dipole nature of the interaction of the donors with uniformly broadened
bands. The equation for Np(t) considering nonuniform broadening was obtained
at the jump limit in reference [290]. Its approximate solution when replac-
ing real probability distribution of the elementary acts of energy migration
in the donor subsystem by G-distribution with some average probability

Wm = CJMA % has the form [516]
y Waa (R) g (R)dR | (3.11)
{1 Wan Wy

where g'(R) 1s the distribution demsity of the acceptor around D*., Formula
(3.11) is quite common, for it is valid both in the case of multipole and
for exchange nature of D-D and D-A interactions, and 1t describes the
migration controlled and kinetic stages of luminescence quenching. In the
limiting cases W p<<& and W >>f with dipole-dipole nature of the inter-
actions its asympt:otics coinc?de with (3.9) and (3,10), respectively.
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Thus, at the present time theory presupposes quite simple relations between
the relation of the integral kinetics of luminescence decay D* and the micro-
parameters of the elementary act of D-D and D-A-interactions, and certain
stipulations used also in the case of activated glass. They provide the
basis for the method of precision investigation of the integral kinetics of
luminescence or the method of microparameters most comprehensively developed
in [281, 283, 293]. This method permits certain definition of the micro-
parameters averaged with respect to energies of the D-A interactions CDA and
m and in the case of realization of the kinetic phase of quenching,
estimation of the distance Ryjp. At the same time, the estimates of the
parameter Cpp are less exact and possible only in the presence of preliminary
information about the multipole nature of the interactions D-D. In real
experimental situations, the choice between models of migration controlled
quenching of luminescence is also complicated.

More complete information about the microparameters and mechanisms of donor-
donor interactions is permitted to be obtained by the methods of investigating
spectral migration in the donor subsystem. This migration is specifically
characteristic of media with NUP, and it is manifested for the corresponding
setup of the experiment, for example, for low temperatures or selected excita-
tion, in the time evolution of the spectral composition of luminescence.
Efforts at theoretical description of the spectral migration were undertaken
in references [252, 266, 290, 294-301]. The most successful of them obviously
is reference [290], in which it was possible to obtain, in particular, rela-
tions generalizing formula (3.4) to the case of the luminescence quenching

law of spectrally isolated centers in various sections of the resonance NUP

curve: N .
Wt =8O (€ gen| = F1{t =) sxerer )] (3.120)

F(E) = [ (Crn @™ g (E —%) .
o (3.12b)

For known ND(E, t) and Y(E, t) expressions (3.12) permit determination of the
parameter m and the functional dependence Cpp(&) which sheds light on the
mechanism of the interactions D-D, which was used as the basis for the method
of selective observation of the kinetics of the quenthing of luminescence

on the shortwave branches of the resonance lines (SNKL) [254]. Additional
information about the mechanisms of interactions and relative contribution of
transitions between different Stark components can be given by the temperature
functions CDA(T) and W(T) [290].

Thus, the results of investigating the integral and selective kinetics of the
damping of the D* luminescence carry sufficient information to determine the
microparameters and mechanisms of donor-donor and donor-acceptor interactions
and their interrelation to the structure of laser glass. Let us emphasize
that the study of the concentration and temperature dependence of other
characteristics of BPV, for example, the quantum yield q or the average
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duration of the luminescence T D does not have analogous informativeness, and
it is necessary to take a crit%cal position with respect to the conclusions
drawn on the basis of it regarding the mechanisms of pair interactions.

_ §3.3. Ton-Ion Transfer--Experimental Results

Analysis of the Published Data. At the present time a number of experimental
papers have been concluded, in which certain characteristics of the BPV pro-
tesses are presented for different pairs of rare earth ions in glass. The
known reviews of these papers becare obsolete long ago [82-85, 302]. An
effort is made below to classify the published data and to some degree analyze
their quality and reliability.

The greater part of the experimental papers are devoted to studies of such
macroscopic characteristics of the BPV as dependence of the density of
luminescence, quantum yield and some "effective duration of luminescence" of
the donors on the concentration of the acceptors and in a number of cases on
the composition of the glass and temperature. The data presented in Table 3.2,
not pretending to- completeness, permit an idea to be formed of the volume and
the accents in the performed research. As we shall see, primary attention is
given to silicate systems and then phosphate systems, and among the investi-
gasid pairs, the pairs important for laser applications Nd3+—Nd3+, Nd3"'-Yb3+,
Yb7T-Er3+ andcertain others predominate. The series of indicated papers is
characterized by an arbitrary choice of compositions of glass, imperfection
of procedures and experimental equipment and absence of clarity in defining
the concept of "effective luminescence duration." In many cases when analyzing
the quenching processes, consideration is not given to possible competition
on the part of the accompanying impurities which are not taken into account,
for example, the OH-groups. The conclusions of these papers regarding the
mechanisms of pair interactions, as has already been noted above, must be
approached with caution. Nevertheless, the research has made it possible to
obtain primary information about the efficiency and specific nature of the
BPV processes in one pair or another, and it has created defined prerequisites
for deeper research.

In another group of papers laser methods of studying transport processes are
developed. This group must include the cycles of works in which investiga~
tions are made of the dynamics of the reproduction of the equilibrium curve

of the luminescence band of rare earth ions after clearing of the latter

by passage of a single band laser pulse through the sample [346, 348, 380-1382],
the dynamics of development of the generation spectra [202, 384], lasing
kineties [202, 335, 353] and other processes. The limited . nature of the
laser methods consists in the fact that for implementation of them it is
necessary to have a powerful pulse source of coherent radiation with lasing
frequency coinciding with the frequency of the luminescence band of the investi-
gated transitiom of the rare earth ions; in some cases the lasing mode must be
implemznted in the investigated sample itself, Therefore at the present time
the circle of BPV processes investigated by such methods is limited to
migration of the excitation enmergy with respect to the Nd3* ions in silicate
and phosphate glass. In addition, the obtained results reduce only to
estimating the phenomenological characteristics of energy migration defined

in one way or another, the unique relation of which to the parameters of the
elementary acts cannot he traced.
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In recent years various versions of the chronospectroscopic or spectroscopic
method with time selection for investigation of resonance luminescence of
rare earth ions in glass combined with the methods of selective excitation of
individual types of luminescing centers have developed quickly [389, 394].
Selective excitation of rare earth ions in glass was used for the first time
in reference [415] to investigate Eu3t ions, and the presence of spectral
migration was discovered, which insures establishment of equilibrium in the
set of luminescence centers, The method of selective excitation supplemented
by the chronospectroscopic method of recording was later used many times to
study the parameters of the spectral and spatial migration of energy with
respect to the ions Nd3 [370, 379, 383, 387, 388], Yb3* [301, 351, 3771,
Eu3t [251-253, 349, 371, 375, 377, 379, 389, 390] in phosphate, silicate,
borosilicate, fluoberyllate and germanate glass. In the majority of indicated
papers, only qualitative estimates were obtained for the phenomenclogical
migration parameters. In some cases conclusions were drawn regarding the
mechanism of elementary acts of the interactions. However, the procedures for
| processing the results of such studies have still been insufficiently developed,
and they do not permit reliable identification of the mechanism of inter-
action or the obtaining of  quantitative data on the microparameters of
migration. In this sense, the situation with investigation of migration in
Eu”"-doped glass is characteristic. In reference [252], the mechanism of the
elementary act is defined as . dipole-dipole nonresonance single=-phonon,
in [253], as . quadrupolar-quadrupolar resonance, in [375], as dipole-
dipole two-phonon nonresonance, and, finally, in [390], as dipole-dipole
resonance.

More reliable and complete results can be obtained on combination of the
chronospectroscopic method of recording, selective excitation and low tempera-
tures (kgT<<AVy) where the processes of phonon abscrption are "frozen" and

BPV within the limits of the NUP curve proceeds oniy in the direction of

lower energies. Obviously, this fact was first indicated in [372], where for
4.2 K in silicate glass, a long wave shift of the luminescence band of the
Yb3+ ions is noted (the transition 2F5/2(1)+2F7/2(1)) on excitation of them
by quasimonochromatic emission with frequency Vy=10330 em~l to the short wave
edge of the resonance absorption band, and a valid interpretation of it is
given qualitatively. Laker, long wave concentration shift of the lumines-
cence band of Yb3t ions, and then Nd3* was investigated in detail during wide-
band excitatior. in silicate, phosphate and fluophosphate glass in the cycle

of papers [294, 356, 357, 369, 373, 384, 392]. The authors of these papers,
confirming the conclusion of [372] regarding the single phonon nonresonance
mechanism of BPV between the Yb3* ions in glass of kpT<<AVy, tried many times
to calculate the relation from the experimental data for the phenomenological
value introduced in a defined way which characterizes the effective spectral
migration rate of the excitation as a function of the difference in energies
of the interacting transition &. However, such efforts do ng& give any unique
result. Only recently when using selective excitation of Yb” ions, were
qualitatively valid data obtained [301]. In Figure 3.5, for phosphate giass
with N, =7.1020 cm'3, the form of the resonance luminescence band of Yb

fons is presented for narrow band excitation by kyypton. tube emission

with 95=10254 cem~1 (1) and absorption (2) corresponding to the transition
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Table 3.2
D% Nepex; A Tlepexon T”ﬂ Herounur nannux
t1) (1) &L 3
. 4 4 . .
. 3 F = "1,4/9: Nds+ L) SRS 18 | [74(d), 83(c, ), 84(d), 85(c), 209(c,
Nds+ 32 ™ Lasi2nsfz /2 13/2; 1572 650), 223 (c, §), 225 (), 226 (§), 229
(&), 236 (c, d), 303 (c, 6), 304 (c, D),
305 (c), 306 (c, ®, 6, r, 6/c), 307 (x),
308-(c), 309 (§), 310 (c, 1), 311(c),
« ‘ 368 (¢), 470 (¢)] .
Farp™>Tasls  [N@* | 4Fy>Gy, 1n | 1249 (@) - ,
‘F o S Yot J A 16 | [82(c), 101 (), 304 (c), 315 (c), 318
a2 ol Tz ) (6), 320 (6), 331 (c), 339 (c), 336 (§/6),
385 ()}~
ot | smyZg, i | 1246 (c, &, 6/d), 359 (c, &, 6/3)]
Er** e 16 | [248 (c, ), 338 (B, §/d), 361 (&, )]
Fop—>lnp  |Pr MGy 16 | 1248 (c, §)]
\ . Sm’: °H5/2—>:F9,2 . 1a | Tor me (4)
Fm» 111/2.0/2 Dy*® '}{‘5/2-» F5/2; sz 1a | Tor ;fce
, WIS Tm®* | SHeH, 16 | Tor e
‘F m—»‘l /e Ho* . Myt * 16 | Tor xe-
- “Fog—~'lgn | TH* WerFo.q - 1a | Tor e
e | Ew” Fe—"Fy 1a} | Tor e
Fopp = Tosmp |Cut*- ) .1a, | Tor e
Vit 1a Tot e
Niz+ 1a Tot ke
Fe?* 1a Tort nie
Y3+ 3, ,—+2F Ert [ PP 4 16 [48 (&, ¢), 85 (c, d:). 101 (9), 312 (c),
: s el 326 (c), 432 (c), 338 (@/d, 19, 339 (c).
360 (6). 61 (c, $/d, d), 386 (c)]
Er* Mg 1a | 1343 ()
Ho** 8Ig—51 16 | [317 (c). 332 (c), 366 (c, ¢)}
Tm3* M~ 10 [317 (a/c))
- Tm** M+ Fy, SF G| An | [343(n))
Nd** J A 1a | (374 (5)]
UO%*’ an0u_*12‘6u in (359 (c, §)]
_ Yb:l#_i_Yhs-l- ’FS/Z_“,F'I/Z Th3* 7"“_,51)‘ {e [362 ([bv T)]
Er?* D s T Tm?®* 3 g—Mi 16 | [317 (alc), 344 (, 6)]
Ho®* S0l 16 | {332 (¢). 345 (d/d), 366 (c, d)]
_ Na** -‘1912-"115/2 1a [334 (c), 361 (c, db)]
Ers* g0y 1n 7| 1338 (b, r, ¢/p, 7))
Eu®* SDy—>"Fy, 4 Yh* o=y 16 | [241 (c, &, 1, €.0)]
D gy, g 3 [UOFT | 20, 127, 1n | (246 (&, ©), 359 (P, c)]
Key: 1--Transition; 2--Type of BPV; 3--Data source; 4--the same
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[Table 3.2, continued]

D Tepexon ,.v/| A " Mepexon L Pt »
(1) 14 (1) (52153 (3) CTOUYHAK NAHAWX
TH* D —7F, YB* [ | 3F, -, 16 | {241 (c, &, r, 6/c)]
‘_ LNt a ) g6, 16 | (363 (§)]
$D,—+5D, Pr3* H —+F,. 5 . . 1a | [352 ()]
o ce | TR - WFg>Fy. 4. 5 fe [Tor e (4) -
Tm3* g, ."‘”H . 16 Tor e
Dys* Hygor*Hygpy . 1a. | Tor e
Nd*+* - ’.qwz_,qwé ia | Tot xe"
_ ’ Sm** -} *Hg,—'F, ,'2: 32 fa | Tor se
Sm* "G5,2-§"H5,2: ap | EE* Fo, Do . 16 | 1313 (9), 314](d, 6)]
Tm®* 1D+3H, EC* | g6, . o 16, | [313 (9, 6), 364 (&, 6)] .
Gd* [P, 88, TH* Fer 0| 16 | 1313 @, 6), 321 (@)
Cu* - Th* - 16 | [328 (c))
Ces* - Nd** — 16 | 1315 (a/c), 316 (a/c), 319 (c), 327 (c))
- Yb - o 16. | [316 (a/c)} ,
- . | T - ) 16 [ 1328 (e)] -
- Tm?* Lo ) 'NJ 1367 (6)]
cr - fme Yo+ Fap omip | 16 | 1327 (©), 320 (0))
— T YBaE R 16 | [330 (c), 333 (c), 361 (c, )]
Mur* - Na™ — | 16 [ (2950 32500, 327 ), 337 @)
- Er* - , 16 | [337 (c)}
— Ho** - . 16 | (337 (c)]
Mot Ep* "— . 16 | {330 ()]
" y02 + - ' ‘
UOG* | Mgy 27 NNG™ | 8gwtGy 118y, | 16 | 1246 @, 6/, o), 315 (c), 324 (0), 325 (c)
’ 354 (c), 359 (9, c, 6/9), 365 (c)]
} : - Ev* | F D, 16 | 1246 (b, c, 6/), 322 (6/c), 354
. 380 (5. s, 6%:)] (6/c), 354 (),
- Er* s 4Ssy0i Hyy g 16 | 1323 (0)]

The letter in parentheses indicates which glass is investigated in the given
paper: c--silicate, ¢--phosphate, b--borate, b/c--boroscilicate, b/¢~—boro-
phosphate, T--gérmanate, ¢/¢-~fluophosphate, ¢/b--fluoberyllate, ¢T--fluoride,
a/c--alumosilicate, k--quartz,

Key: 1--Transition; 2--Type of BPV; 3--Data source; 4—-the same
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2F5 2(1)¢2F 7/2 2(1), and in Figure 3.6, the spectral dependence of the macro-
scopic characteristic of the energy migration process w 2 using the expression
w,.(a——v.-—v) ~ (v)/g(v) + This relation confirms on thé phenomenological

v)

o,
s(V)fs %rv

L)L),
' 8

a ! o0.o0RPY 3 &aca o0 o0
1060 1159 0220 0260 10300

Y, em™!

Figure 3.5. Form of the resonance band corresponding to the
transition  Fgly (1) =Fz (1) of Yb3* ions in phosphate glass
[301].

1--luminescence with selective excitation, 2--absorption.
JrYb = 7.1020 ex—3.

level the theoretically important results previously established [254] using
the SNKL method: a sharp increase in probability of the elementary BPV act
within the limits of the NUP with an increase in & which is valid at least
for KgT<aV,;, and refutes the widespread opgosite opinion based on preference
given to tEe resonance mechanisms of BPV, Let us note that the function
w¢(E) does not have a simple relation to the probability of the elementary
act so that it is at least difficult to use it to determine the micro-
parameters of the D-D interaction and the functional form of the relation

7 ; P

Wy, 7pouss. od. "

—~
M
~r

&7
Ecm

Figure 3.6. Spectral dependence of the Brobagility of transmission

wy(2) for phosphate glass with NYb=7'102 [301]
Key: i
1. wy, arbitrary units
l'I'he results obtained using the SNKL method are discussed in more detail on
PP 103-105.
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In Table 3.3 data are presented from experiments in which the method of
investigating the integral kinetics of luminescence was used successively.
There are very few of these papers, and in the majority they are devoted to
determining the microparameters of BPV in neodymium~doped glass. Their
authors unanimously come to the conclusion of dipole-dipole nature of the
interactions in the investigated papers, but for the interactions D-D, this
conclusion is not confirmed by convincing experimental proofs. The conclu-
sion that the migration quenching of luminescence in neodymium-doped glass
must be considered within the framework of the jump model appears to be
reliable. Quantitative estimates-are made of the microparameters Cpp 4nd

Cps for a number of pairs. However, in some cases they are questionable

(see the remarks to Table 3.3) and for 4.2 K for C, using formula (3.9), they
are in general not incorrect. The temperature dependence of C,, and CDD’

in particular, the relations obtained for the pair Eutt-cr3t in [350]
giving information about the BPV mechanisms, are of interest. In [205] an
effort was made to trace the dependence of the parameters Cpp and Cps for

Nd”" ions on the type of glass former, but it was not possible to obtain
complete, sufficiently reliable data. In [238] an effort was made to
explain the reduced concentration quenching in Li-La-Nd-phosphate glass:
namely, the combination of a small value of the parameter C characterizing
the process of cross relaxation of the ions N3t (about 3:10-41 cmb-sec1),
and the relatively large value of Ry, (about 4.7 angstroms). However, the
causes of significant developments- in the degree of concentration quenching
in the series of phosphatz systems, in our opiniom, remain still unclear and
require additional study.

In the papers mentioned in Table 3.3, it was proposed in accordance with the
theoretical concepts discussed in §3.2, that the functions w=£(¥p) and
W=£(Na) in the migration controlled phase of quenching are linear. Experi-~
mental teating of this proposition (with the exception of the case of con-
centration quenching in neodymium glass which is complicated for interpreta-
tion [238]) was not carried out. Moreover, in referemces [340, 341, 395], in
- which the BPV was investigated in 12 pairs of rare earth ions (Nd3-Yb3+,
Yb3+LEr3+, Nd3+-Sm3+, Dy —Dy3+, Dy3*;Eu3+, sm3H*-Eu3t, and so on) in phosphate
glass it is poirted out that in the latter, in contrast to the silicate glass,
the functions W=f(¥.) are nonlinear, and W increases appreciably faster than
the concentration Nn. It is demonstrated there that the experimental values
of the excitation energy diffusion coefficients with respect to the investi-
gated donors in phosphate glass exceed by an order or more the ones calculated
for dipole-dipole interaction$using the overlap integrals of the spectra with
respect to the formula (3.3), at the same time as the indicated values are
close in silicate and germanate glass.

On the basis of these results, the conclusion is drawn of exchange nature

at least the donor-donor interaction phosphate glass. However, the set

of results obtained recently on a large number of objects using the precision
methods of investigating BPV, in particular, the SNKL method, does not confirm
this conclusion (see below). In addition, it is necessary to recognize the use
of the diffusion model for description of the migration controlled stage of
quenching in the majority of investigated pairs as unconvincing, inasmuch as

the efficiency of the D-D interactions, as was-indicated in these papers, exceeds
the efficiency of the D-A interactions (see § 3.2). At the same time, the indi-
cations of nonlinearity of the concentration functions W - f(n"D) require fixed
attention.
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Table 3.3 o .
. ©, 1
B* |Transition ,| a | Transition  [BPV
L o type
1 2. 3 o 5
Na | py e N | 8Ly —4Fy, Ir
$Fspp*119; 152 Ho>Tygy 152 | 18
Nd>* | ¢F, a2+ 1393 U g5y NE™* Mo~ 3pm: 1572 1n
Faypg+lyy N Hoj=*F 3 ir
Y | Wy, Y| SF, o, ir
» A
" Ndst+ .‘Fs /2—*.‘[9/2; $I11/72] Smd* ‘”5/2—’.5‘11/2: o2 ia
Nas | gty 1
Ho. | sryoor 16
v
N> Pyl gop | N4 | Mgty oryep | 18
| sty Hypg+F3 ) ir
Eu?* Dy+"Fy. . 5 Crt 44,97, 10
Bu [ %y D, . 1r
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[Table 3.3, continued]

Thar a8 B
mtrix ‘ T. K ln—‘ocus. m Othef gg g
gec-ll | ‘results (R3] U
g 7. 8 9 10 11 12
Ba—K—S8i0, 78 N F
i0, 5388 7.8 5 oM; w7), F |- [283] (1)
700 [0,25—09
) 6 . (1)
Na--8i0, 421 043
30 | 03 ¢ [2051f ()
450 0,4
UL | 0,6
Na—GeO, 300 1,6 |6 0
Na—B,0, R 5 (4)
Nit 2,0, o s (el B R )
HI! e d Foaton a
~ ll):l v 1
Na—8i0, 4,20 39 CM; F
300" | 40 ' ((:) ?
450 44 6 . 1)
600 4,4 1)
Na—GeO, 300 17 6 |CM (1)
Na—P,0, 42 22 6|CcM;'F (2, 5)
l\';g_n—Sb——' 300
510, 0|84 6
aw . {3551 (1)
K—~Ba—Sh— : i T :
Si0: Sh 300 | 24 6 | IM; T [355]] (1, 3)
300 | vs 6 )
) 300 8,5 6l 7 (1,3
300 | 20 G | JIM (1,3)
Li—La—1,0, . Og,z g:g 6 R, ,=4,7A | [218)
R 6le 3
a0’ | jon ah ©
La 20,y 77 '.i:;lil"vlllj{x N l ‘ N
- Tun T 1) 102
’ll 1 . A .y
Ryt A [inl
2,500 133 6 | Jiat
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[Table 3.3]. Notes. (1) The dispersion T, with respect to the NUP curve
is not taken into account; (2) the competition on the part of quenching on
the OH-groups is not considerec; (3) the use of the diffusion model is
questionable; (4) the quenching on the matrix vibrations is not considered;
(5) the use of formula (3.9) to determine CD at 4.2K is invalid.

The following abbreviationis are used: EM——jlmrp model of migration
quenching; DM--diffusion model; F--effective macroscopic energy migration
rate with respect to donors; y(T)--dependence of the macroparameter of BPV vy
- (3.5) on temperature; D(T)--diffusion coefficient as a function of tempera-
ture.

On the whole it can be stated that there are insufficient data presented in
the above investigated papers to put together a clear representation of the
mechanisms and relations of the BPV process parameters in glass or their
dependence on the type of glass former, modifier or glass structure.

The original experimental data are presented below (the greater part of them
are published for the first timel) f111 the indicated gaps to some degree.
The described results are obtained by analyzing the luminescence decay
kinetics, including with spectral selection with respect to the excitation
channel and with respect to the recording channel, in a wide temperature
range on a large number of samples with specially selected relations of the.
activator concentrations. Here use was made of the precision experimental
setup (Figure 3.7) providing for recording the luminescence decay kinetics

in the multichannel photon counting mode in the dynamic range to 80 decibels
with sensitivity to 10 photons per excitation pulse, spectral resolution to
0.5 angstrom and time resolutien to 10 microseconds, with automated process-—
ing of the experimental results. The recording of the luminescence decay
kinetics in the infrared range was insured in an analogous mode in the

45 decibel range using the cooled germanium photoresistance, signal: from
which after preamplification was normalized with respect to intensity and
averaged in the two-channel gate integrator with time resolution to 100 nano-
seconds, and then input through a matching device to the minicomputer memory.
The latter was used to approximate the curves obtained by calculation with
output of the results on the display screen for visual comparison.

Donor-Acceptor Interaction of Rare Earth Ioms. Measurements of the D-A
interaction parameters were performed on samples with very small donor concen~
tration (on the order of 1:101? e~ 3) which excluded migration of excitation
energy with respect to them, The acceptor concentration varied within broad
limits, from 1-1020 to 21021 3. The program for processing the experi-
mental results on a computer considered the presence of dispersion of the
radiative probability with respect to the set of donor centers manifested in
the nonexponential nature of the curves for the radiation luminescence decay
[250]. In Figure 3.8a, in the example of the Yb3H-gr3t pairs in phosphate

lSome studies were performed jointly with Yu. Ye. Sverchkov and S. M. Matytsin
on samples fixed by A. A. Izyneyev, A. X. Gromov, V. B, Kravchenko,
V. M. Kozyukov, and U. Ya. Sedmalis.

93

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-003850R000500080015-2

FOR OFFICIAL USE ONLY

Figure 3.7. Functional .diagram.of.a modern experimental setup

for kinetic studies of BPV processes .

l--nitrogen laser (A=0,337 micron, Tp =10 nanoseconds,

Fre “at=0 to 500 hertz); 2--YAG lasel: “Ra3+ (A=1.064, 0,532,
.355 micron; T,,1ge=15 nanoseconds; Fropear=0-100 hertz),

3—-the tunable l&ye laser (A=0.4 to 0.75 micron) or LiF

crystal laser: Fr (0.85 to 1.1 microns); 4~-sample; 5--helium

cryostat (2-300 KJ; 6--double. monochromator (dispersion

5 angstroms/mm); 7--cooled photomultiplier; 8--photomultiplier -

cooling system; 9--preamplifier; 10--module for sampling single

photon events; ll--multichannel statistical pulse analyzer

(1024 memory channels; scanning rate with respect to channels

10 microseconds/channel); 12--minicomputer; l3--storage element

based on flexible magnetic discs; 1l4--terminal; 15--digital

plotter; 16--avalanche photodiode; 17--delayed pulse generator

in the synchronization channel

glass with the composition Ba,AlLa(PO4 ) » into which the activators were
introduced by replacement of La, standar experimental luminescence decay
curves of D* are presented which were measured with high precision in the
dynamic range of intensities occupying more than three orders. On approxi-
mation of these curves by the expréssion (3.4) with variation of the intro-
duced values of the parameters m and C., the best matching in the entire
investigated time interval was achieveg for m=6+0.1, that is, the process of
static quenching was described well within the framework of the concept of
the dipole-dipole interaction., An increase in concentration of A was not
accompanied by significant changes in the nature of the functional dependence .
Np(t) or the value of the parameter Cp,, but in the initial section (t+0) a
trend was traced to an eggonentialitation of the decay. In glass with high
A concentration (to 2.10%1 cm=3), this trend was expressed quite clearly,
indicating upper bounding of the luminescence quenching rate as a result of
minimum distance between rare earth iomns Ry (see §3.2) and, on the other
hand, absence of a noticeable contribution o% other, shorter acting types of
interactions even in the closest pairs. '
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The pair Yb3+—Er3+ is characterized by almost complete overlap of the

luminescence spectrum of D* and absorption spectrum of A (Figure 3.9a).
Analogous studies of samples with different acceptor co%_%entration were per-
formed for standard nonresonance pairs. Yb: ~Tm3* and Yb2'-Ho3t and also for
the pair of lons Nd}"-Yb}", the spectra of which partially overlap in
their wings (Figure 3.9b). For example, in Figure 3,8b, the experimental
curve is shown for the -luminescence decay of Yb3* in glass with high Ho3+ ion
concentration (about 2.1°1021 em™3), A calculated relation is prgsented
there which was obtained using formula (3.4) for Cpy=1.3°10"" cm -gec™1
measured on samples with low HoXt concentration. As is obvious, the experi-
mental curve differs from the calculated curve by the initial, more gently
sloping and exponential section -in the dynamic range of intensities of more
than one order. Using the relation of [238]

g Cas ) (3.13)
R e (32 7BAN A .
_mlp (Vi WJ ) ¥

it is possible to estimate Rpy.>5.0 angstroms by the luminescence decay rate
in this section We. This value is close to the known data for crystal phos-
phates, for example, NdPsPl ( n=3+19 angstroms) or LiNdP,0q, (Rmi =5,64
angstroms) [238], and it inéicates the isolated location of the RZI l2rare
earth ions] in phosphate glasgs,_,wﬁ,,

Nd**

i /{ PR ILV !

1 1
Illllﬂll /1000 10000 vem!

1

Figure 3.9. Position and shape ofb the luminescence and
absorption bands of rare earth ions comnected with excitation
energy transfer in the pairs Yb3—Er3+, ypt-pr3t, yp3t-no3+,
Yb3+-Tm3+ (a) and NaFH-vbH (b); T=300 K.

For Er¥* and Ho3+, the scale on the y-axis has been doubled,
and for Pr3+, it has been multiplied by five.

95

- FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-003850R000500080015-2

FOR OFFICIAL USE ONLY

For the NaF-yp 3t pair studies were also made of the laws of burning of
luminescence of the acceptor, and their. correspondence on the whole to the
nature of the damping curves was discovered.

Thus, the obtained results indicate that the Foerster theory is applicable for
measuring the averagéd parameters of the elementary acts of donor-acceptor
interactions of m and Cp in glass in a wide range of acceptor concentrations.
The measurements for high A concentrations permit additional estimation of

Rmin.

Experimental values are presented in Table.3.4 for the parameters of the pair
interactions m, C§, and Ry, where R0=(C§A'TRD)1 6 ig the critical Foerster
radius for a large number of pairs of rare earth ions in phosphate glass_with
the composition BagAlLa(P03)1 . The calculated values of the parameter nglc
= obtained from the integrals o% overlap of the spectra under the assumption
of dipole-dipole resonance nature of the BPV using (3.3) are given for a number
of pairs in the same table.l For nonresonance pairs the upper bounds of
ccale are presented considering the resonance overlap of the electron spectra
or ‘D* and A with the electron vibrational satellites of the partners, the
intensities of which could not always be determined because of their smallness.
As was obvious from Table 3,4, in all cases, dipole-dipole interactions (m=6)
predominate, and, therefore, the conclusions of the authors of certain papers
regarding effective manifestation in the BPV between the rare earth ions in
glass of other types of interactions--dipole~quadrupole [352, 363], exchggge
[340], and so on--are not confirmed. For resonance pairs (YbH=Er3t, Yb —pr3t,
and so on), quite good correspondence of the values of Cg and ccale jg
observed, and for nonresonance pairs, the experimental vaéuee are systematically
an order (or more) larger than the calculated values. The divergences
increase sharply with an increase in energy deficit during the transfer act
Emin, where Epy, is the minimum energy difference of the transitions between
the Stark components of the interacting multipleths D* and A, It is remarkable
that the experimental values of CeA and, the more so, Ry for variation of Enin
- in broad limits (sometimes to 100 cm~1) differ relatively little for transitions
with close integral cross sections.  This is easily traced in the example of
quenching of the luminescence by Yb7" ions from the series Er3+, qu+, Ho”",
Tm3t (see Figure 3.9 and Table 3.4). The differences in values of ch for
these pairs do not exceed one order, and the values of Ry differ by one and
a half times and correlate with the differences in the transverse cross sec-
tions of the absorption bands of the acceptors. Only for €,4,>1000 to 1200 cm~1
(Emax>2000 ceml, where Epax 18 the energy mismatch between the most intense
components of the transitioms D* and A) a sharp decrease in the value of Cpa
1s observed of which it 1s easy to he convinced in the example of the pairs
Eudt-YbH (Epig=1300 cw™1), YbI-Eu”™ (Epin=3000 em 1), Yb3+-Th3H
(EminZSSOO cm'E), and so on. Attention is attracted by the fact that the
admissible ineteraction energy deficit corresponds to the maximum frequencies
of the vibrational spectrum of phosphate glass (%max:1200 cm~1l). Thus, the

1 - '
The values. of Cgalc obtained in this way are somewhat high, for the corrections
for NUP are noé taken into account.
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Table 3.4
. T T P
. o &1 8] 8| |'s.| Cha | Tha
Transition 4 | Transition v £ g™ |y ‘L ’3—511 o A
EE IJE Jof e | oweT ewtee
N | APy, try, | YBS | OWRiF 16 0412006 (037 18 8,5 9,2
Hoo* | Sgsbl, 16| 250 800{6(037| 7 [<od 8,0
F3 T ay,0 | SO Hyyy>Fgpp oyl 18| 0 250 | 6[0,37] 90 16 12,2
Fop~lyyy (NS | gl 18| 800 1400 | 6 {0,37| 045 { o006 | 51
Foygrilis,  |Eu¥ | WFeF, 1a| ol 800|6{037| 4 12 |13
T | SHeH, 16 | 350 | 4200 | 6 |0,37| 12 <1 8,7
b Wy >tFe Er | My oty 16 0 081,45 22 12 12,0
Tm™ | SH W, 16| 700 | 2000 | 611,45 38 |<0,5 8,7
Ho | M, 16| 650 | 1600 | 6 {1,45] . 1.4 | <o 7,5
Pr* | H G, fa-] 0| 450 |6 {1,45] 10 5 10,2
Sm’* | Hyp+Fop 1y |18 — | = |6[1,45] 12 4 10,6
TH | T 1FeF, 1a [ 3500 | — |6]4,45| <0,00 | <0,001 | <32
. Eus* | F+Fg 1213500 | — |6|1,45] <001 | <0001 |<3,2
PRy Q)2 (1) | N&Y | Ary 16 |—600 [ — |64,45| 0008| o 3,2
Er** Tygig>tlyp, [N gl 1a 0} 300|682 1 1.3 97
Hot | ST, 16| 750 1400 |6 |82 | 15 | <04 | 104
Tm* | HH, 16| 0| 650|682 30 2 11,6
Eu?* | TFg+F, 1a| 850 | 1900 | 6 {8,2 | 1 <001 | 95
PRt | O 3, ta| 0] 60c[82 | 60 70 19,4
| sme* | rg oFy fa] 0] Syoi82| 50 43 18,
Lu™ Dg~Fg's | Dyt | H Py g [ta| 0] 300 |6{23 | o4 - 53
Dy, q o | PP | SH1D, 16 01 100|623 [ 04 - 6,7
Crot | 44,47, 16| o o}6l22]6s50 530 23
St | 4Gy ol B | TRy Dy 16| o 631 ot - 5.6
Gy Dy* | *H ;0 fa| o 6|31 | 3 - 9,9
—F g s /2902 +*F3 051257 2,002
pi D31, EW* | TF 3D, ta |-130 |—130 | 6 {0,25| 55 7,2
. \
veit| Mg~z Eu* [ 7). Dy, | 16 ol 045| 2,7 -
Nds* | 41,2 16 6[0,45| 16 - 9,5
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presented results indicate the significant. contribution of the single phonon
nonresonance mechanism to the total efficiency of the donor-acceptor trans-
fer. Consequently, the degree of overlap of the emission spectra D and
absorption spectra A or their resenance is not-a declsive factor determining
the efficiency of the BPV process.  The requirement that the difference in
energies of interacting transmissions not exceed the value of Vmax for the
given matrix is much more important.

Table 3.5.
TR T -
. 4
) o
- . AR IK:
Matrix A N I
; . R R
A 100 lgee L
Ba—Al—La~metaphosphate , 16 122 |13 | 39
Na—Mg=metaphos age 14 120 1143 | 38
K—La=metaphosphate . 18 1°23 -~ | 39
Pb—La~ultraphosphate 2 |40 ] 1,35] 4,0
_ Li—Na—K-—Bawsilicate o 65| 81110,] 29
_ Li—Ca—Algilicate - 12 |2 — | =
Ba—La+hoerat ' 15 % 33 | 50
Na—Mg=eborob hate . 13 16 1,2 3,6
PRI e g fopmosthate | 2 | o |
— A A v I8 :

Na—K-—Ha-w eﬁnaugé phate |13 |1 |2

The drawn conclusion is_confirméd also by the results of studying the depen-
dence of the values of Cpp on the type of glass former. In Table 3,5 the
parameters of the elementary acts of the interactions are presented for two
pairs of interest for laser apg_]'.-ications: NdH-vbH and Yb3H-Er3+ and
standard nonresonance pairs Yb ~Tm 3+ , Yb3+-H_g_3"' in glass of different
composition. It turns out that the value of CDi for the pair Yb~"-Er

Only

depends weakly on the type of glass former. the following types of glass
are distinguished with respect to BPV efficiency: lead phosphate glass with

an excess of phosphorus (in the direction of higher efficiency) and alkaline
silicate glass (in the direction of lower efficiency). Replacement of phos-
'phorus oxides by other glass formers (GeOy or S1i0,) leads to some decrease
in the values of Cp, (Figure 3.10). However, the noted differences are
small. The dependence of C,, on the type of modifier is still less signifi-
cant (Figure 3.11). The in?fuence of the matrix on the transfer in the
Nd3H-vYb3H pair and especially the Yb3H+-Tm3 pair turns out to be more signif-
icant, 1In the latter case borate glass is distinguished, for which the
value of C& 18 higher. As is known [412], for borate glass the greatest
extent of HETEpectrum of basic matrix vibrations is characteristic

v x:l450 em~1), which promotes involvement of a greater number of
transitions between components of the multipleths 2F5 o and 2F7 /2 of the
donors (Yb3) and 3H6c,’m5i15 of the acceptors (Tm3+), including the most

98

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

FOR OFFICIAL USE ONLY

intense, in the BPV process. In other glass, the latter do not participate
in the transfer, for #>vp,x for them. Obviously this explains the higher
efficiency of transfer in the borate matrix in the pair Yb3t-Tn3t, The
analogous situation is realized also- in the case of the pair vb¥H-Ho3H*, on
the contrary, for the BPV between the ions Nd3+ and. Yb3+, for which
Enax~900 cm™l, and the edges of the spectra even overlap (Figure 3,9b),

the dependence of CSA o the type of glags former is significatly weaker,
and borate glass is not distinguished.

.
< [y d .
ey
Rzt ~ .
P .
g b~
/A d
£
4 [. 1 | L
[} 2 J

Figure 3.10, Variation.of the 3Rrobability of the elementary
act of BPV in the pair YbH-Er3t for molar replacement of
P,05 by the oxides 510, (a) a%%ceoz (b) in the systems

R,0,-Pb0:(8 =2JX P02  *
8 ) i’e z\GeO !
where R is rare earth elements.

It is remarkable that even with almost complete overlap of ther spectra, in
spite of the closeness of the values of CeD and Cgalc entering into the
error, the contribution of the nonresonance transfeé channel turned out to be
highly significant. This is indicated both by the fact that the experi-
mentally measured values exceed the calculated values (in spite of the high
estimation of the latter) and the complex nature of the temperature functions
Cg (T) for resonance pairs illustrated in the example of BPV between Yb

and Er3t (Figure 3.12). The observed temperature growth by more than tenfold
in the range of 4.2 to 300 K with two sharp inflections at 12 and 80 K is difficult
to explain within the framework of resonance BPV. Indeed, for the first time,
the values of Ct8lc for 4.2 and 300 K differ by no more than

1.5 times. The emission spectrum of b3t 1 overlapped with the components

of the absorption spectrum Er3 uniformly broadened as a result of the relaxa-
tion processes even for 4.2 K; thus, the calculated value of ceale (4,2 X) can-
not greatly exceed the true value, Secondly, the influence of the temperature
broadening of the lines must be manifested in the reglon of high temperatues,
when the values of AV y .10 and Ay approach, and, consequently, it cannot

be accompanied by sharp greaks in the functions C&, (T) at low temperatures.
Nevertheless, the nonresonance processes of BPV. w?éh phonon absorption possible
in the given pair can have energies of activation corresponding to low temp-
eratures. In particular, the break at 80 K can be fully explained by thermal
activation of the nonresonance. transfer with Bbsorption of a phonon with an
energy of about 50 cm~l required for compensation of the energy deficit
between the most intense transitions corresponding to the ‘umirescence band
peaks of the Yb3* ions (about 10265 cm™l) and the absorptio: band of the

Er3* ions (about 10315 cml).
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Figure 3.11., Magnitude of the microparameter of the donor-acceptor
interaction for the pair Yb3H-Er3t as a function of the type of
modified (Met or Me2%) in the phosphate systems Me"'PO3 with
. R(PO3) 5 and Me2+(P04) 5 with R(PO4) 5, where R are rare’earth
elements.
Key:
1, Modifier
2, CDA' 10~40 cmb

b
&

[

@) rwwme Ew T
K
Figure 3.12, Temperature dependence of the microparameters of
donor-acceptor interactions CS, in the pair yb3+-Er3+ (1)
and Nd3*-vb3 (2) in glass wigﬁ the composition Ba3A1La(P03) 12
Key: - 40 '
a. ch’ 10-40 cpb-gec-1
For the other pair, Nd3"'-Yb3", the temperature dependence of E; (T) is
almost absent (Figure 3.12),. inasmuch as ia the given case the %ransfer
process is accompanied by generation of phonons, and it does not require
thermal activation. An analogous pilcture was obsegl_ed when investigating
such relations for the pairs YbI-Tm3+ and YbH-Ho T,

Now let us consider the procees of cross relaxation of the electron excita-
tion energy of the Nd3+ ions from the applied point of view (BPV type lc,
Figure 3.1) responsible for concentration quenching of the luminescence of
neodymium-doped glass. This process is difficult to subject to interpretation,
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inasmuch as it is caused by competition of three relaxation channels:
1) quasiresonance caused by weak overlzp of the lumineicence and absorption
bands corresponding to the transitions 71215 gec™1, where T

F3/2**I15/5 (15
is the radiating lifetime) and by A1 (035-{0‘22 cm2) 2) nonresonance

9/2°,715/2 " 1 4 ,
connected with the transitions 4F3/2+ 113/2-(16;”280 sec ) and 19/2*4115/2

(Emin=700 to 800 cm'l, € pax~ 1400 cm'l); 3) nonresonance connected with the

by, b by o 4 =9.10-21 en z -1
transitions "Fg ), 115/2 and 19/2+ 113/2‘(072-10 1 cm®, 87457750 cm™ 7,

& 21200 cm™l)., For chamnel 1 estimation of CS31C in phosphate glass with
“max . . DA

the composition Ba3A1La(PO3)12 gives (5—6)°10:__42 cm6—sec'1, which is almost
an order less than the experimental value of CSA=5-10'42 cmP-sec~l (see
Table 3,4). 1In addition, this process presupposes a sharp decrease in Cﬁalc
for low temperatures on the basis of disappearance of the overlap of the

- spectra and satisfaction of the condition ED<EA, and the experiment demon-
strated that CSA depends little on the temperature (see also [238]). On the
other hand, the values of &, for nonresonance channels 2 and 3 do not
exceed Vpay and, consequently, their efficiency must be quite high, but the
temperature dependence is insignificant, Preference must be given to

channel 2, for it is connected with more intense transition in the donor,
Actually, the calculated values of Cp, for channel 2 give a value of about
5-10-42 cmb-sec™1, and for channel 3, about 1.10-41 cmb-gec~l. The closeness
of the value of &,,, to the high-frequency boundary of the phonon spectrum
of the matrices forces expectation of significant dependence of CZ, for
channel 2 on the type of glass former. The study of the processes of concen-
tration quenching of luminescence of Nd3+ in borate glass tonfirmed ‘this prop-
osition, demonstrating that CBA3(1;310.4)'10‘40 cmb-sec~l, The lower
accuracy of the measurements is commected with strong competition on the
part of the quenching process on the matrix vibrations (see below).

Donor-Donor Interactions of Rare Earth Ions. The first problem in stating

the experimental studies of donor-donor interactions was checking the applica-
bility of the basic principles of the theory of integral kinetics of
luminescence decay of a set of impurity centers in the migration-controlled
and kinetic phases of quenching to actual vitreous systems. Therefore for a
number of pairs of rare-earth ions in different matrices, a careful study

was made of the concentration functions W=f(N) and W=f(¥,). Figure 3.13
shows a typical function W=f(N,) in the example of the pa?r YbH-Er3t in
phosphate glass with the composition BagAlLa(P0O,)1,. It is linear in a wide
range of Er>* concentrations (in the sélected coordinate grid this corresponds
to 45-degree slope of the experimental curve). The relations of this type

had analogous form in all of the investigated cases, for example, for the
pairs Yb3+-Tm%i, Nd3F-vb , and so on, Another picture was found for the
dependence of W on the donor concentration, In Figure 3.14 curves 1-4
correspond to the laws in the pair Yo3H—Er3t in phosphate, borate, silicate
and fluophosphate glass. The first two of them are explicitly nonlinear.

For example, in phosphate glass at low concentrations of Yb3+(3-12)-1020 cm‘3),
the curve is closer to quadratic, and for high (IVD>1.3'1021 em™3) the

growth of W is slowed sharply, which obviously is connected with the transition
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- to the kinetic phase of quenching. For silicate and fluophosphate glass the
measured relations turned out to be close to linear within the limits of
accuracy of the experiment.
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'Figure 3.13. Probability of migration-controlled quenching of
- W g8 a function of the acceptor concentration for the pair
voH-prH in glags with the composition BaaAlLa(P03)12;
Fyp=1.3-1021 cor3
Key: - -1
1, W, sec

In order to establish the generality of the observed laws in phosphate glass,
a study vas also made of the pairs Yb t-Tm3+ and Nd3+-Yb3+, 1In the first
case (Figure 3,14, curve 5) the concentration growth of W also turned out
to be nonmonotonic. The transition to the kinetic stage'was observed even

_ for ND=6-10 cmf3; in the second case (Figure 3,14, curve 6), the function
W(ND) within the limits of accuracy of the experiment (low as a result of
coggetition on the part of the cross rclaxation process in the subsystem of
Nd“" ions) can be considered linear.

Thus, the conclusion of references [340, 341,.395] regarding deviations from
= linearity in the concentration functions W(ND) in phosphate glass was con-
firmed, The analogous effect was detected for borate systems., It was demon-
strated that the nature of the functions W(ND) is-different in the given
matrix for different pairs of rare earth ions, which obviously is connected
with differences in the ratios of the parameters Cpp and Cp,. The causes
of the observed effect are still unclear and do not find explanation within the
framework of the above~discussed theoretical concepts of the kinetics of
migration-controlled quenching, Therefore the use of the method of integral
kinetics of luminescence for estimating the values of the parameters of Cpp
at least in rhosphate and borate glass is questionable and in practice is
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possible only for pairs for which the linearity of the functions ﬁ(ND) has
been established in a defined concentration range of D. Here all of the above
stipulations remain valid,

0wt

SR WO B B W ¥ L+ 411
"w" . L w* Ly M

¢

Figure 3,14, Probability of migration-controlled quenching
W as a function of the donor concentration for the pair
YH-Er¥t in phosphate (1), borate (2), fluophosphate (3),
silicate (4) glass, for the pairs YbHH-Tm3+ (5) and
Na3+-vbH (6) in phosphate glass (IVA=3.5~1019 em™3) and
also the calculated linear function (7)

Key: —

a. W, gec~1

The experimental results discussed hereafter were obtained using the new
methcd of investigating donor-denor interactions of rare earth ions already
mentioned above in random media, and the method of selective observation of
luminescence kinetics in the short-wave wings of the resonance lines at low
temperatures [254]. The essence of this method consists in the following.
At low temperatures (kgT<<AV.), the donor centers in the media with NUP,

as a result of freezing of tge transitions -from the upper Stark components
of the metastable state to the sharp decrease in uniform broadening of the
resonance components (Avsin 1e<<A$H) and a decrease in the efficiency of
the BPV with phonon absorptfon are becoming spectrally nonequivalent. As

a result, the possibility appears for direct experimental observations of
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the effect of BPY from centers with greater energy resonance tramsition to
centers with smaller energy by investigating the kinetics of the decay of
spectrally isolated luminescence centers after photoexcitation by a

6-pulse. Actually, the experiments for 4,2 K demonstrated that for donor
centers on the short-wave edge of the resonance lines, concentration-dependent
decrease in duration and variation of the luminescence decay kinetics from
almost exponential at small Np to sharply- exponential close to Foerster for
high Np,is observed. The effect increased sharply on shift of the spectral
slot to the edge of the resonance NUP (Figure 3,15). On the contrary, on
wavelengths close to maximum NUP and also increased temperatures it is almost
absent. The nature of the dependence of the luminescence decay kinetics of
the observation wavelength indicates growth of the probability of BPV with an
increase in the energy deficit & between the transitions in the interacting
centers, and it permits the conclusion to be drawn that the transfer mechanism
is a single-phonon, nonresonance process, and the process of spectral migration
is nonstationary, bounded by one or several jumps to the centers with maximum
transition enmergies at which excitation is localized. Careful studies of the
kinetics of luminescence decay curves as a function of X permit us to obtain
detailed quantitative information about the parameters of the elementary acts
of D-D interactions and their dependence on the energy shortage in the inter-
action &, The experimental procedure is discussed in detail in [254].
Measurements performed for a large number of types of glass based on phos-
phate, borate and silicate doped by Yb>*, Nd3t and Eu* ions in different
concentrations demonstrated reliably that the donor-donmor interactions are of
a dipole-dipole nature (m=6+0.1), and the functional dependence Cpp(%) in

the energy range of <100 to 150 ceml 1s approximated well by the exponential
curve (Figure 3.16). The latter result was unexpected, and, in our opinionm,
does not find acceptable explanation within the framework of the known theories
of the elementary act of single-phonon, nonresonance BPV (see above).

Let us also note that for different RZI in one matrix, the functional form of
the functions CDD(E) it is almost identical, whereas on replacement of the
matrix, the exponent of the same activator changes significantly. This result
indicates that the form of the curves CDD(E) is determined by the peculiari~
ties of the spectral distribution of the denmsity of the phonon states in
different matrices and depends weakly on the specifics of the electron transi-
tions.,

Another experimental result consists in the fact that the absolute value of
Cpp for any value of £ almost does not depend on the activator concentration
for variation of the latter within very broad limits, for example, for the
ions Nd7t from 3.1020 to 41021 em™3, This fact indirectly confirms the
correctness of the drawn conclusions regarding the dipole-dipole nature of
the donor-donor interactions.

With an increase in temperature of the sample, the nonresonance BPV with
respect to the NUP curve becomes two way, and the process of spatial migra-
tion is activated, acquiring a quasistationary nature for kgI>AVy. It is
obvious that the greatest contribution is made to it by the excitation

jumps connected with phonons with an energy on the order of the halfwidth of
the NUP. Consequently, the value of Cpp(A¥y) can serve as a characteristic
of the efficiency of the process of nonresonance spatial migration of
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Figure 3.16. Microparameter of the elementary act of D-D
interaction Cpp(%) as a function of the energy of the emitted
phonon €.
1--Nd3* in glass with the composition BazAlLa(P03);,,
2--EuH in the same glass, 3—-Yb3+ in the same glass,
4~-Yb3* in Na-Mg-phosphate glass, 5--Yb3+ in borate glass,
6~-Yb3*+ in alkali silicate glass. The values of Cpp for the
Eu3t ions are multiplied by 10.

Key:

a. Cpp(®), cmf-gec—1

excitations_at high temperatures. According to [290], for kBT>>Ai')H it is
related to Cpp by the expression

Chi = Cup, (AVn) ks T/AVy, (3.14)

In Table 3.6 comparative data are oresented with respect to the efficiency of
nonresonance migration of excitation with respect to b3+ ions in different
matrices. As we shall see, phosphate glass has increased efficienqucompared
to other systems. It 1s_also of interest to compare the values of C__ with
the estimated values of Cfp obtained using the formula (3.9) from anPP
analysis of the integral luminescence decay kinetics of-the rare earth ions
in the presence of an acceptor in the linear region of the concemtration
functions W(Np) and also with the calculated values of ceale formed from

the overlap integrals of the absorption and luminescence spectra of the rare
earth ions. In Table 3.7 data are also presented for the ions Nd
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(quencher Yb3t), Yb3+ (OH-groups) , Er3t (Nd3*2 in phosphate glass with the
composition Ba3A1La(P03)12. When estimating CDD B*20 according to [284] was

Table 3.6 o
Parameter 3 , Fo,
. » "11\'b . <
ST e HY 4
Composition 0z 'g J &l
i 0,64 3,5
| 4,5
i Bala,_,,Yb (POy), 63 e v
3,5 3,5
 KGSS~46 (silicate) | [ 055
! ¥p2 (silicate) W | L 0,7
- Bu--La-—B,0y-plags B )
L6s-K (phosphate) " 55 I PK;
Parameter ~ | 2 ©; s |7, -
° 'z Z Z 1
S ° q © 8 &°
. . : SR L Ges |25
- Composition \\‘45g el | Wr's 2ol
13 1150 3,3
BaLay_,,Yb,(PO,), 13 1150 3.3
13+ 1150 3,3
. 13 1100 3,3
KGSS-46 (silicate) 25 | 1900 | 07
ED-2 (silicate) 3,0 1400 0,9
Ba—La—B,05~glase 10 850 3,0
LGS-K (phosphate) 10 1250 2,9

EgD (300 K) is the calculated value of the integral parameter of donor-donor
interactions at 300 K using expression (3.14); Ty (4.2 K) is the effective
luminescernce time of the ion Yb”" for low concentrations and a temperature
of 4.2 K; Cpp (60 em1) 1s the value of the spectral parameter of the donor-
donor interactions for #=60 cm~l.

used. A comparison of the presented data indicates that the value of el

is comparable or even exceeds the value of cglc:ce . This fact permits

the conclusion to be drawn of significant contribug?on of nonresonance
single-phonon procesees to the total efficiency of excitation energy migration

at room temperatures. The studies of the temperature functions W(T) confirmed
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this conclusion. For example, in Figure 3,17, the relation was presented for
phosphate glass coactivated by the iens b3+ (1.3'1021 em~3) and Tm3t
(1.3-1020 cm=3). TFor this pair, as was demonstrated above, weak temperature
dependence of the parameter Cp) is demonstrated, which permits the observed
temperature behavior to be completely attributed to the process of activation
of spatial migration of excitatiens with respect to the Yb3* ions. Here the
energy of activation (260 em~l) turns out. -to be the corresponding value of
AVy for the Yb3* ions in the given matrix. :

Table 3.7
™ T sl . “ap.
- . CIIII CEI_}I cfm o
Activator :

1040 ad.gecl

L Yb* 13 48 52

~ -y Nd3* 130 30 + 35

" Ert* — | 5 48

Conclusions. The above discussed experimental data permit the following
conclusions to be drawn.

1. The dipole-dipole interactions of rare earth ions are responmsible for the
BPV between rare earth ions in vitreous matrices and, as a rule, there is no
necessity for calling on interactions of other types for interpretation of
the experimental results,

2. The nonresonance single-phonon processes of transport make a highly sig-
nificant contribution to the total efficiency of the BPV, and both in the
case of D-D and in the case of D-A interactions with respect to efficilency
they turn out to be close to quasiresonance.

3. The mechanisms of single-phonon nonresonance processes of the BPV remain
unexplained. In particular, the experimental data require careful theoreti-
cal analysis with respect to the exponential nature of the functional rela-
tions CDD(E) in the range of phonon energies of &<V, and also deviationms
from linearity in the concentration functions W(Np) in a number of types of
glass., : :

4. The type of matrix which includes RZI has significant influence on the .
transfer efficiency, primarily as a result of differences in intensity,
extent and structure of the spectrum of the vibrational mode in the vicinity
of the interacting rare earth centers.

5. Phosphate glass differs from other vitreous systems by increased BPV
efficiency between. the RZI, which makes them especially prospective for the
development of laser materials,
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Figure 3.17. The experimentally found temperature dependence
of the probability of migration-centrolled quenching W in

phosphate glass doped with b3+

ﬁ, .103 sec":L

and many others, expression CDD>;C

and Tm3t+ ions

8—£ interest from the point of view of laser applications:.
_Yb¥, YbF-Er3, Erdt-NdH, vbI-HoH, ypIt-mmit,

is satisfied, which indicates

the discontinuous nature cf the quenching pPécesa in the migration-controlled
and kinetic stages.

§3.4.

General State of the Art with Respe>t to the Problem.

Ion-Vibrational Excitation Tfansfer

As has already been

noted in §3.1, ion-vibrational BPV is a version of nonradiating energy trans-
fer, and it is the process of replacement of a quantum of electron excitation

energy by energy-
crystalline excited in the firs
electron center (Figure 3.2).

equivalent number of phonons, local, quasilocal or
t or more distant coordination spheres of the
This process stimulates the effect of non-

radiating relaxation of electron excitation leading to quenching of lumines-
- cence from the majority of excited states of electron centers in condensed
In the general case, the degradation of the excited electron states
of atoms and molecules can also have a chemical nature (electron tramsfer,
However, for trivalent rare earth ions in ion

media.

isomerization, and so on).

crystals and glass it has been established with reliability that in a wide

temperature range, as a rule, the physical mechanism of degradation is
realized which is not accompanied by chemical reactions.

The probability of

nonradiating relaxation depends strongly on the number of vibrational quanta

or phonons participating in the elementary act of BPYV.
processes which predominate in the region of energy of gaps AEsVp ..
corresponds to the maximm frequency of the extinguish-
relaxation rates are characteristic, in spite
f-electrons of the rare earth ions to the

the wave number 9,
ing vibrations wp.x,» very high
of the weakest binding of the
surroundings compared to the binding in other known compounds.

For single-phonon
» where

For example,

judging from the uniform broadenings of the RZI lines:and the EPR data [239],
the excitation relaxation rates of the RZI on the lattic migrations reach
values on the order of 10

consequently,
relaxation process which is in the g
decreases rapidly.

0 to 1011 gec-1.
the number of generated phonons s, the probability of the
{ven case called multiphonon (MFR)

At the same time,

With an increase in AE and,

in some cases, in particular, in glass,
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MFR can compete noticeably with other channels of radiative and nonradiating
relaxation to AEZ8000 to 10000 em~1l, and in proton solutions, even to 13000
to 15000 cm~1 [2391. :

Another specific feature of nonradiating BPV.-is the exceptionally strong depen-
- dence of the probabilities:of MFR for AE=const on. the solvent matrix. As

will be demonstrated below, even in-a number of oxide glasses, they can differ

by 104 to 105 times, and on comparing the various types of glass with certain

ion crystals, the probability difference can reach 10 orders of magnitude or

more.

The indicated facts force mixed attention to be paid to the study of the
mechanisms of MFR in glass and the interrelations of their probabilities to
the specific nature of electron transitions, the peculiarities of the vibra-
tional spectra of the matrices and the values of AE. Clarity in these prob-
lems will permit facilitation of the solution of the basic applied problem,
directional synthesis of glass with previously given properties for the same
laser applications. Until recently, even qualitative understanding of the
laws of MFR in glass was missing. This is indicated by the significant dis-
parity in the interpretation of the experimental data by quantum yields of
luminescence of rare earth ions from metastable states in glass, in particular,
the dependence of the quantum yields on the glass composition and the tech-
nological factors connected with their manufacture.

Recently, in a number of experimental and theoretical studies of MFR in ion
crystals [401] and glass [367, 404-412], basic qualitative laws of the MFR
process were discovered, However, the problems of the physical mechanisms
and the possibility of free experimental quantitative calculation of the
probabilities of MFR for specific transitions of the rare earth ions in still
univestigated matrices remain open. The original experimental data presented
below, in our opinion, fill this gap. However, the theoretical concepts of
the MFR and the experimental results published in the literature will be
discussed briefly first.

On the theoretical level, the processes of MFR at the limit of weak binding
usually are considered in the harmonic approximation of the dynamic
Hamiltonian of the crystal field in the vicinity of the rare earth ioms. For
description of the perturbations generating nonradiating transitions, the
nonadiabatic operator is used. The mechanism of electron-phonon interaction
is not specified in this case. In various asymptotics of perturbation theory
expressions were obtained for the probability of MFR W8 of order s (see, for
example, the surveys [243, 258, 396, 401]). However, their use when calculat-
ing the quantitative laws of the processes of MFR for specific matrices and
transitions is complicated in practice as a result of the absence of informa-
tion about the frequencies of the vibrational modes in the vicinity of the
rare earth ions, their polarization, mobility and strength of the vibron bond
with the electron transition. Therefore a consistent analysis of the experi-
mental resul.s is possible only within the framework of the simplified
phenomenological models. The so-called single frequency model of MFR has
become widespread (first publication [397], for a detailed analysis see _
[4011), which presupposes that for s33, the primary contribution to the WS is
made by the interaction with vibrations having frequencies which are close

~
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at the high frequency boundary of the vibrational spectrum of the glass and
strongly bound to the RZI-center. - The binding strength ¢an.be judged by the
electron vibrational spectra of the rare earth ions. TFor exchange of electron
energy in this case 2 minimum number of phonons are required, and the order
of the process 1s a predominant factor in the act of MFR. The specific prop-
erties of symmetry of the electron wave functions and vibrational modes and

. also dispersion of the force of electron-phonon binding with respect to modes
are considered to be average as a result of the high order of the process,
and they are not taken into account,- The probability W basically depends
on the magnitude of the normalized enewgy gap AEmin/véff and at low tempera-
tures it can be described by the expression

W W, = Kexp[— | In %) A Emin/Vogp], (3.15)

where U g¢ corresponds to the frequency of themost active vibrations in the
act of MFR, K, k-parameters characterizing the strength of the electron-
phonon bond for the given matrix, where K=W3/WS-1<<1, AE ¢, is the energy

gap between the lower Stark component of the gpper multipleth and the upper
component of the lower multipleth., The temperature dependence of W8 in a
single-frequency model is basically determined by the thermal population of
the vibrational modes, and it has the form
. -~ e

' . (D)
s o __ ws [ OXD (ROgga/(kgT)) e (3.16)
Key: 1. eff

where the critical value even in the given case is considered to be the

order of the process. The dependence on the exact value of wggg 1s much
weaker., Consideration of the thermal population of the Stark components of
the two multipleths gives only insignificant corrections to W8, so that

the temperature dependence of the region huwggs>>kpT must be absent in practice.
Exceptions are dictated only by the selection rules, on the basis of which

for transitions between multipleths with J=1 and J=0 (for example, the
transitions 5D1+5DO of the Eu2t ions), the ion-vibrational BPV is forbidden.

Numerous experimental studies of the MFR processes in crystals activated by
rare earth ions [401] confirm that the single frequency model qualitatively
reliably describes the basic laws of the MFR. Recently it was modified con-
sidering the specific nature of the glass [412], In Figure 3.18 the prob-
abilities WS measured in this experiment are presented for several transitions
in different types of glass, and the experimental relations approkimating
them WS(AEmi ) are given. According to the conclusions drawn, the single-
frequency mogel of MFR in-oxide glass adequately describes the experimental
data and permits quantitative prediction of W® for new transitions. The
greatest contribution to W® is made by vibrations with Vgfs*ipay. The
probability that MFR for defined transitions in a series of oxide glasses
(from tellurite to borate) differ, : according to [412], by 103
times, which is explainedfhzsthe difference in values of 9 (Table 3.8).
On the whole, the values of W° for equal 8E 40 in glass aremﬁ¥gher than in
crystals, which is explained by the great extent of the phonon.:spectrum
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of the glass. Previously, the resolving effect of this factor in the glass
was noted in references [404-411]. 1In [412] the conclusion was drawn of
approximately equa®. strength of the electron-phonon binding in a number of
oxide glasses. However, the latter conclusion does not correspond to the:
presented experimental data inasmuch as close slope angles of the curves
i Zn[WS(AEHd_n)] for different Vo ¢¢ automatically indicate significant variations

in the parameters K and k for these types of glass. Let us also note that
usually the values of k in glass (about 0,012 to 0.007) are smaller than in
crystals, that 1is, the electron-phonon binding in glass is obviously weaker.
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- Figure 3.18. Dependence of the probability of multiphonon
relaxation W° on the magnitude of the energy gap AE 4y in
different glass.
1--tellurite, 2--germanate, 3--silicate, 4 -phosphate,
5--borate glass [412]. Analogous relations for borate (6)
and phosphate (7) glass according to the authors' data.

Key: —
a. W8, sec”l

Other noncorrespondences are discovered on comparison of the values of w8
predicted in [412] for the emergy range of AEpj=5000 to 7000 em~l with

those measured by us in systems of similar composition. For example, in
borate g];ass the values we obtained for the transitions>I»5Ig for the

ions HoJ+ (AE . ~4800 em™1), 3y, - 6 in the Tm3* ions ( 1n~4600 em~1)

and 4112/2—4115/2 for the ions--ér?f" (AE i1126100- em~1) exceeged those predicted
in [412] by 10, 7 and 17 times, respect?vely, in spite of the fact that

our glass was carefully dehydrated, and in [412] this factor is not taken
into account. The indicated noncorrespondence clearly illustrates the basic
deficiency of single-frequency model--impossibility, with respect to minimum
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number of preliminary spectroscopic data obtained on one to two samples, of
predicting the quantitative value of W8 for any transition in a new matrix.
On the contrary, it requires technically complex measurements of W8 directly
on a large number of specially made samples. Of course, the averaging con-
sidering additional points permits a decrease in the average deviations

- (straight lines 6 and 7 in Figure 3.18), but here the problem of preexperi-
mental calculation of W8 itself becomes meaningless.

Table 3.8
(1) Crexaoogpasonarens | ° Wit AT IS S I P
- {23 ATomuuit BoMep . 5 15 |14 |32 52 4
I oopaunanyoniioe
nieno 3 4 6 [} [ I B
(4) Avovmas macea, a. 0.5 08 |80 (28,1 (726 [127,6 | 9
(5) Honunaii paprye, A 0,10 0,20 0,34 0,41 0,64} 0,62 ] 0.3
Vg o7 o130 | 1250(=:1150] 400 | =700 |80
Key:
1. Glass former
2., Atomic number
3. Coordination number
4, Atomic mass, atomic units of mass
5. Ion radius, angstroms

Another highly significant deficiency of the single-frequency model, is that
it is too formalized, and it sheds little light on the physical mechanisms of
MFR., Actually, the mechanism of interaction in it is not specifically stated,
it does not specifically take into account the degree of spatial localization
of the damping vibrations, the concentration of the vibrational groups and
their spatial distribution with respect to the electron center. In additionm,
the single-frequency model does not "operate" in the region s>3 or in the
region greater than AEyy, in the presence in the matrix of vibrational groups
differing significantly with respect to frequencies and spatial distribution
[401]. The latter situation is characteristic, nevertheless, for glass where
along with the vibrations of the chemical bonds of glass forming elements in
the nearest vicinity of rare earth ions, frequently there are oscillators of
admixture origin, primarily OH-groups, the frequencies of the basic stretch-
ing vibrations of which (3000 em~1) are appreciably higher than the vibra-
tional frequencies of the glass forming elements, As a result of lower order
of the MFR process, the OH-oscillators in the region of large AEmin

(>4000 to 5000 cm~1), in spite of relatively low concentration of them in the
glass, can compete with .the lattice vibrations and quenchers of the

rare earth ion lumirescence.. The quenching  effect of the OH-group in the
glass was first detected for Nd~ and Er3* ions in the phosphate systems of
[181, 182, 193]. Later it was confirmed and studied on the phenomenological
level for other tramsitions in phosphate, fluophosphate, silicate,

borate and tellurite glass: [101, 117, 183, 185, 187, 191, 229, 305, 345, 361,
403, 404, 413]. However, the mechanisms of electron-phonon interactions in
the indicated papers were not specified; only the proposition was stated of
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strong binding in the palr made up of rare earth ions and OH based on the
erroneous in..rpretation of the linear nature of che dependence of the
quenching probability on the concentration of OH-groups [101, 183], In the
indicated papers quenching was not taken into account even within the
framework of formalism of multiphonon relaxation, although the nature of the
spatial distributicn of the vibrational groups and the difference in
oscillator frequencies do not change the essence of the problem. Let us
note that in all known papers on MFR in glass, except our paper [404], the
possibility of competition on the part of the OH-groups is not considered
in general. Nevertheless, for example, it significantly disvorts the slope
of the graph of 1n WS as a function of AEyy, in [412] at least for tellurite
and phosphate glass.

The presented arguments permit, in contradiction to [412], the conclusion to
be drawn of insufficiency and nonphysicalness of the single-frequency model

of MFR as a working theory for calculation and analysis of the MFR processes
at least in glass, Another phenomenological model of MFR which uses the
concept of induction resonance nature of the interaction of electron and
vibrational oscillators appears to be more prospective. For a nunber of years
the indicated model has been successfully developed in the papers by Yermolayev
and Sveshnikova [239, 399, 400] as applied to the quenching of the luminescent
of rare earth ions and tramsition metals in protonated and deuterated liquid
solutions and also in hydrated crystals. For analysis of the MFR processes

in ion crystals and glass, up to now it obviously has not been used (with the
exception of [404]).

In the inductive-resonance model, a specific mechanism is proposed for ion-
vibrational BPV-weak resonance dipole-dipole interaction of the electron
oscillator with dynamic oscillators corresponding to overtones of local or
quasilocal aggressions of chemical bindings in its vicinity. The dipole
transition in the latter between the vibraticnal states with As>1 is
partially permittel ag a result of anharmonism of the vibrations. Thus, the
elementary act of BPV in the given case is of a local nature, that is, a
quantum of electron energy 1s replaced by vibrational quanta of a specific
molecular group and not by quanta of collective vibrations of the surroundings
as a whole. As was pointed out above, in the single-frequency model the
nature and degree of localization of active vibrations in the MFR are not
specified.

With this approach for calculation of the probability Wév of interaction of
an electron oscillator with the i-th vibration, it 1is possible to use the
formulalanalogous to (3.3):

i . £0=d. 21 ; - ~ ~ ~
W = 2,310 "lefi ¢ (TOH)‘ 1 5' ox(v)g(v)n™t ) z—"d';, (3.17)

(1)
Key: 1. ev

lThe factor n~4(V) was introduced in (3.17) under the sign of the integral,
for in the invéstigated region it is impossible to neglect the dispersion of
the index of refraction.
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where Ry is the distance from the RZI to the center of the i-th oscillator,
o (V) is the absorption cross section of the quenching vibrational groups,
g(®) is the form factor of the luminescence band corresponding to the
electron transition (fg(9)dv=1),

The probability of the MFR act for the j-th electron center is defined as the

result of summation of Wl_with respect to all the quenching  oscillators

in the vicinity of the RH: A . .
Wl — Wl

i=2 (¢)) (3.18)

Key: 1, ev

and the averaging procedure with respect to these centers in order to determine
the effective macroscopic probability of WS=<W®> depends on the nature of the
spatial distribution of the vibrational oscillltora with respect to the
RZI-center, With regular arrangement of them in the nearest coordination
sphere ﬁsziwtv. For statistically uniform dist-ibution of the impurity

vibrational oscillators in the matrix, the kinetics of the MFR process become
not exponential, but close to Foerster, and for its description it is possible
to use formula (3.4a). In this case it becomes _Eossible to determine the
average parameters of the elementary act Wey oOr Cev=we Rr6 directly experi-
mentally by the kinetics of the decay of the excited eYectron state;

The first version is realized during quenching on the vibrations of the -
structural elements of the matrix, the second on the vibrations of the
impurity oscillators, for example, the OH-groups.

Direct epplication of the formulas (3.17), (3.18) for interpretation of the

- experimental data with respect to MFR in the case of regular arrangement of
the vibrational oscillators usually is complicated by the absence of reliable
data on the coordination numbers of the first, and especially the second
coordination spheres of the RZI. In addition, the vibrations themselves fre-
quently are not completely localized. Therefore it is possible with good
approximation to replace the sumation in (3.18) by integration with respect
to volume and then we obtain [239]

l_ 1 .N, >~ _‘~~__‘~ .
j—}mfg(v)ku(v)n (V)“V d'V, (3 19)
where ky(V) 1s the linear absorption coefficient of the matrix in the multi-
phonon region, Ry is the radius of the sphere around the RZI not containing
high-frequency oscillators,

Thus, the inductive resonance model of MFR permits determination of the prob-
ability of MFR in terms of the experimentally measured spectroscopic char-
acteristics of the electron transition (Tgp, G(V)) and the matrix (ky (i)«
Here the function W8 (AE) is defined by the dependence of on ¥, in which
automatic consideration is given to the contribution of all of the types of
the vibrations active in the infrared spectra (which means in the MFR)
determined by their anharmonism, both mechanical and electrooptical,
connected with nonlinear dependence of thedipole moment on the vibrational
coordinates. As is known from the theory of infrared spectra of amorphous
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bodies (see, for example, [402]), in the multiphonon region basically these
spectra are determined by the overtones and the component vibrations (among
the highest frequencies of the given matrix), which also explains the appli-
cability of the single-frequency approximation. Moreover, the spectrum
kM(O) in the multiphonon region in many cases can be calculated beginning
with the structure of the matrices both for the crystals and for amorphous
bodies [402]. The calculations show that for s>>1 where in the given case

s has the meaning of the overtone number, the spectral function ly(9)
approaches the asymptotic (¥)Zexp (-bV), where b=const. Substituting it in
(3.19), we obtain Wzexp(-aAE). Thus, within the framework of the inductive
resonance model of MFR, the exponential dependence of WS on AE is easily
explained by the analogous function kM(O). At the same time, this model
explains riumerous deviations from the exponential functiom, especially in
the region of small s. Here the spectral function ky(9) is less monotonic
and W® must follow its peculiarities. The inductive resonance model does
not exclude consideration of the individual characteristics of the electron
transition, explaining the differences in values of W® for AE=const by the
differences in the radiating probabilities of the transitions.

It must be emphasized that the effective value of the energy of the gap

AE_g¢ which must be used in the framework of the applied model far from always
coincides with AEpyn. According to (3.17) AE g¢g corresponds to the maximum

of the expression akn’4gv‘ . Therefore AEeff+£Emin in the region of large
steepness kM(%), and where dky(v)/d%+0, the value of AE ¢g>AE 4., and it
corresponds to the genter of gravity g(V). Considering that the Stark splitting
of the electron states of the rare earth ions reaches 400 to 800 cm'l,
neglecting the indicatéd correction can significantly distort the results.

The temperature function ﬁB(T) within the framework of the inductive-resonance
model corresponds to the temperature function kM(9), In the region
kgT>hupays the latter is described by an expressionsimilar to (3.16). In the
low temperature range anomalies are possible which are connected with trans-
formation of the spectra g(¥) and variation of the radiative probabilities
for thermal combination of populations of the upper Stark components., Within
the framework of the given model, the term "electron-phonon bond strength"
acquires specific physical meaning, and for other equal factors, it is deter-
mined by the distances from the RZI to the center of gravity of the vibra-
tional oscillators (~R?6), the nature of the distribution in the matrix and
the degree of anharmonism of the vibrations. It is natural that in the
matrices with less dense packing or for the OH-group, the bond strength is

_ less, that is, for the same ky(9), lower probabilities of MFR are observed.
Finally, the inductive-resonance model presupposes the possibility of dis-
persion of the probabilities MFR even for regular arrangement of the vibra-
tional acceptors the sources of which can be: 1) variation of the frequencies
and degrees of anharmonism of the high-frequency vibrations as a result of
local lattice deformation; 2) dispersion of the distances from the rare earth
ions in the high-frequency groups; 3) dispersion of the radiating probabili-
ties of the electron transitions; 4) dispersion with respect to the RZI-
centers of the transition energles and, consequently AE.ff. The degree of
the contribution of any of them a priori is not clear and requires experi-
mental determination in each specific case. Let us only note that the
first three factors in the single-frequency model are not taken into account,
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so that the experimental isolation of their contribution will serve as one of
the proofs in favor of the applicability of the inductive-resonance model,
The vulnerable part of this model is the possible strong deformations of the
given components in the vicinity of. the RZI, whereas ky(V) is determined

i integrally for the matrix as a whole, The degree of the influence of this
factor requires experimental study.

Thus, the inductive-resonance model opens up new possibilities in the studies
of the mechanisms of parameters of the MFR, and it has explicit advantages
over the single-frequency model under the condition of obtaining weighty
proofs of its applicability to vitreous matrices, theoretically permitting
solution of the above-formulated basic problems. In [239], quite convincing,
although indirect proofs of its suitability in the case of liquid solutions
and hydrated crystals are presented. Beginning with the general principles,
it can be stated that the situation in amorphous glass (in contrast to crys-
tals with significantly different dynamic vibrational movements) does not
differ in theoretical respects from the situation in liquid solutions, with
the exception, perhaps, of significantly smaller frequencies of the high-
frequency vibrations of the glass forming elements by comparison with
uniquely high frequencies of hydrogen bonds. According to modern theoretical
models of oxide glass [111], the high-frequency part of their vibrational
spectruw is determined by the vibrations of the bonds of the glass-forming
ions Si%h B3+, P5+, Gelt or Te4t with oxygen. The frequencies of the vibra-
tions connected with the modifier ions are 2 to 3 times less. The high-
frequency vibrations are weakly bound to the lattice as a whole and are
sufficiently well approximated by independent local oscillators. The number
of oscillators in the first coordination sphere of the rare earth ions is
equal to the product of the number of nearest glass-forming polyhedra (6 to 8
for oxide glass) times the number of high-frequency modes in each of them,
The indicated oxygen bonds are sufficiently elastic, and their frequencies
are close to the frequencies of the free elastic bonds of the oxygen and the
glass former. Therefore the inhomogeneity of the crystal field in the vicin-
ity of the rare earth ions is primarily obviously connected not with deforma-
tion of the polyhedron, but with variation of their mutual oriemtation. For
this reason, it is not necessary to expect strong distortion of the phonon
spectrum in the vicinity of the introduction of the rare earth ions by com-
parison with the lattice spectrum as a whole, However, in order to obtain
reliable information, it is necessary to study the electron vibrational
excitation spectra of rare earth ions in glass during selective excitation.
Let us also note that in multiphase glass or systems with several glass—
formers the rare earth ions can be introduced in different sublattices with
essentially different vibrational structure, This fact must be considered
when analyzing the processes of MFR in such systems.

The discussed arguments regarding the vibrational structure of glass favor
the application of the inductive resonance model to the glass-forming matrices.
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A description is presented below of the set of experimental data obtained by
usl permitting reliable confirmation of its advantage and effectiveness for
studying the processes of MFR for rare earth ions in glass.

Experimental Studies of the MFR Processes on Vibrations of the OH-Groups in
GClass. As has already been noted, the admixture origin of the OH-groups and
their statistically uniform distribution connected with this in glass create
the prerequisites for quantitative testing of the applicability of the
inductive-resonance model of MFR to the glass, and in the case of a positive
result, for direct calculation of the integral parameters of the elementary
act Coy=W VR6 and m according to the data on the decay kinetics of the-
residual Tuminescence of the set of rare earth ions after photoexcitation by
a §-pulse. Actually, the decay kinetics will be similar to Foerster kinetics
(3.4) only in the case of multipole and local nature of the interaction.
If the elementary act of MFR is the result of coherent interactions of the
electron excitation with the collective of the vibrational oscillators or
(and) the interactions of other types, for example exchange interactioms)
predominate, the kinetics will be significantly closer to exponential, In
the literature devoted to studies of the quenching of the luminescence of the
rare earth ions by OH-groupsthere were no data on the precision kinetic
measurements. Moreover, the linear nature of the concentration functions
T51=f(NOH) noted in [101, 183, 185, 193] was not in favor of the multipole
nature of the interaction. We measured the luminescence decay kinetics on
10 transitions in different RZI (Table 3.9) in phosphate glass with the composi~
tion Ba3A1La(PO3) . The selective transitions correspond to energy gaps in
the range of 5000 to 10000 cm~1, where the quenching of the luminescence by

- the lattice is already quite weak, and it is possible to isolate the contribu-
tion of the quenching by the OH-groups which is more effective on the basis
of the lower order of the MFR process. The concentration cf the OH-groups
in the investigated samples varied as a function of the technological pro-
cedures of founding and greparing the charge by almost 3 orders of magnitude,
for 1.1018 to 6:1020 cm™3, It was determined by the absorption level in the
range of 3000 cm™l with respect to the standard sample calibrated with an
error of +20% by remelting in a vacuum with tragping of the water vapor in a
nitrogen trap. The RZI concentration was 1-101 cm"3, which almost excluded
the possibility of migration of the excitation energy with respect to them.
The luminescence kinetics were measured on the device described above. The
experiment demonstrated that for all activators with an increase in Ngy
the luminescence decay kinetics of the RZI vary from almost exponential for
Nog*0 to sharply nonexponential for N H>1020 em™3, The standard experimental
decay curves are presented in Figure 8.19 in the form of a photograph from
the screen of a multichannel analyzer. The result of the theoretical
approximation of the luminescence decay kinetics is illustrated by expression
(3.4). Complete coincidence of the theoretical and experimental curves was
detected in a wide range of intensities, An analogous procedure performed
for a large set of different samples demonstrated that for each activator

1The experiments were performed by the author jointly with Yu. Ye. Sverchkov
and M. R. Syrtlanov. The samples werefixed by A. A, Izyneyev, A. K. Gromov
and V. B, Kravchenko.
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at the_given temperature there is a constant set of values of the parameters
m and Cg, which does not depend on Ngy (Table 3.9), permitting description of
the experimental luminescence decay curves by the expression (3.4). Here
the parameter m was in all cases close to six. This result permits the con-
clusion to be drawn that the investigated MFR process.is caused by the dipole-
dipole interaction of local impurity centers [414]1.1 The applicability of
the inductive-resonance model of MFR is traced further 1f we calculate the
value of the parameter ch%c, using formula (3.17). As is obvious from
Table 3.9, quantitative correspondence of these values with the experimentally
measured values is detected. Figure 3,20 shows the standard fumction kOH(i))
for the investigated glass (curve 2), The absorption spectrum of the matrix
itself (curve 1) and the experimental values of the product Cev(AE)TQD’\') are
illustrated there for comparison. It is clearly obvious that the spectral
dependence of this value strictly follows the function kgy(¥). Nevertheless,
if we simply comstruct the graph of Cev(AE), quite strong deviations from the
curve (9) are observed, which are connected with differences in the
radiative probabilities of the transitions. Their difference is manifested
especially clearly when comparing the trapsitions wy.:_h close values of AE.¢f,
for example, for the pair sm3*-PrH or NdTt-Tm3H-Hot,

The obtained results are of a fundamental nature, more precisely defining the
mechanism of MFR in amorphous media and indicating the applicability of the
dipole-dipole resonance model to the description of the ion-vibrational BPV

1Recently reference [238] also appeared, in which close values of the
parameter C,, were obtained for the Nd3+ ions in Li-La-Nd-phosphate glass.
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Figure 3,20, Spectral relations for the linear coefficients
of absorption of the matrix (1) and OH-group (2) in glass
with the composition Ba3A1La(PO3) 12 @nd normalized experi-
mental values of the microparameter C v for difrerent
transitions of rare earth ions (asterfsks).

a. AEeqff, Y, em™1
b. CoeA~1v%, 2,3-10726 cn?

and its corollary-—multiphonon relaxation of excited states of the RZI in
glass. On the other hand, the possibility of calculating the probabilities

of quenching luminescence of rare earth ions by OH~groups with respect to the
absorption spectra and the known radiating probabilities without performing
complex experiments and also the solution of the inverse problem-calculation
of the radiating probabilities of the transitions with respect to the measured
values of C, and kgy—facilitate the development of new compositions of laser
glass and determination of the required degree of their dehydration, and

they also permit direct measurement of the radiating probabilities of the
transitions between the high excited states, which is difficult or impossible
in general by other methods.

Finally, let us note that the process of quenching of the luminescence of RZI
by OH-groups is subordinate to all the laws of the theory of BPV discussed
in §3.2 as applied to ion-ion interactions. In particular, a comparison of
the data presented in Table 3.7 and 3.9 permits the conclusion that at least
for the Na3t , Yb3*+ and Er3t ions, the migration controlled phase of quenching
by OH-group must be considered within the framework of the jump model.

The studies of the functions W=f (IVOH) indicates that, in accordance with
(3.9), they are linear in a wide range of concentrations of Noy. As examples,
in Figures 3.21a, the relations are presented 1/1=W+l/t =f(¥ for ultra-

phosphate glass of the composition Laj_yNd,P50,, [229], and in Figure 3.21b,
for erbium glass with the composition Ba3A1La(%83) 12+
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Figure 3.21. The probabilities 1/7(a,b) and 1/t -1/ty (c)
of quenching of the luminescence of rare earth'ions in
phosphate glass as a function of the OH-group concentration.
a) Glass with the composition Laj.xNdyP50714, experiment;
x=1 (1), 0.28 (2), 0.12 (3); b) glass with the composition
BagAlLg(P03)12 with Er3*, experiment; Np,=3.5x1020 cm~3 (1),
1.3:10%0 cr37(2); o) glass with the composition Ba3AlLa(P03)12
with Er3+; I\lEr=l.5-10l em~3; go0lid line--calculation.
Key: _
A, 1/7, 103 sec’l
B, 1/1e~1/1y, sec”

The linear behavior of these relations permits easy estimation of the maximum
admissible values of T, and q in the dehyrated glass without realizing the
technologically difficult operation of removal of the OH-groups from the
glass. This is especially convenient for erbium and highly concentrated
neodymium-doped glass, where the degree of dehydration must be very high.
For example, fgr neodymium-doped glass when x=1, it is required that
Nop<1°10 9 em” (kgy<1.5 corl), at she gsame time as for moderate concentra-
tions of Nd3* ionms 13: (2-4)‘1026 em 2 or x=0.05 to 0.1) usually used in laser
elements, the admissible OH-group content is several times higher

(Nou= (5-7)+1019 em~3), which is easily achieved by ordinary technological
procedures, In erbium-doped glass the situation is highly critical even for
Vg0, in spite of the smaller value of the parameter Cey for Ngy must be
smaller than or equal to 0.5.1019 cm"3, which is explained by the small
radiating probability of the laser transmission of the Er3t fons. It is
obvious that glass with increased erbium concentration must be dehydrated to
an even higher degree.
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Values of 1/Te—l/Tz obtained experimentally and calculated by formula (3.4a)
are presented in Figure 3,21, c, where 1o 1s the time in which the intensity
of the luminescence decreases by e times with respect to the maximum as a
function of the congiptration of OH-groups in Ba3AlLa(P03)12—glass with low
concentration of Er”" ions. These relations coincide in practice, confirm-
ing the conclusion of dipole-dipole nature of the interaction of the rare
earth ions and OH, Tt is obvious that for NOHS(l—l.S).IOZO cem~3 the func-
tion l/Te-l/T =f(NO ) is easily taken as linear, just as the authors of
[101, 183, 188, 193] did. :

- Experimental Studies of the MFR Processes on Matrix Vibrationms. The basic
evidence of the applicability of the inductive-resonance model in the given
case is the presence of a correlation between the probabilities of multi-
phonon relaxation and the intensity of infrared absorption in the overtone
region established by us on a large number of transitions of rare earth ions
in several oxygen-containing glasses. This fact is indicated for the first
time in the report [404]. 1In Figure 3.3 on the diagram of the energy states
of rare earth ions, the solid vertical arrows indicate the investigated
transitions., Figure 3.22 shows the relation ky(%) in a wide spectral range
for metaphosphate, borate, silicate, germanate, tellurite and fluophosphate
glasses determined by computer processing 6f the data on the spectral
transmission of samples from 10 microns to 15 cm thick in the corresponding
regions of the spectrum obtained using the UR-20 and SF-8 spectrophotometers.
All of the investigated types of glass were carefully dehydrated using the
corresponding technological procedures, which permitted reliable isolation

of the natural absorption of the glass and forming elements of the glass.

For example, in phosphate glass the OH-group absorption coefficient on a
frequency of the basic stretching vibrations (33000 cm‘l) did not exceed

0.1 em~l, Analysis of the presented relations confirms that the lipear
absorption coefficient and its spectral behavior actually depend on the extent
of the basic lattice vibration spectrum of the glass and V. (compare with
the data in Table 3.8). A clear structure which is best expressed in phosphate
glass is exhibited in all cases in the region of s=2~3, The average slope

of the curve kM(v) permits determination of the coefficients « which, in the
given case, characterize the degree of anharmony of the vibrations of the
different matrices. In Figure 3.22 the experimental values of the probabilities
of MFR are noted for different transitions. The explicit correlation between
the functions ky(9) and WS (V) is observed. At the same time, some of the
points noticeably are removed from the general pattern which obviously is
connected primarily with differences in the radiating probabilities of the
transitions. Figure 3.23 shows the normalized values with the probabilities
of MFR Tsinglewsi4 for transitions where it was possible to measure or cal-
culate t ngle from the absorption spectra in phosphate (2) and borate (1)
glass. %ﬁe éeviations turn out to be appreciably less in the given case.

Significant nonexponentialness of the luminescence decay curves must be noted
in almost all of the investigated cases. Figure 3.24 shows the photographs
of the luminescence decay curves for the Er”" ions (the bg, - Fg/ .
transition) in phosphate and fluophosphate glass. These paé%ograpﬁs reflect
the standard case. The more complicated curve corresponds to fluophosphate
glass which obviously has two sublattices with frames based on phosphate
fluorides, The probabilities of multiphonon relaxation of the rare earth
ions introduced into each of them differ sharply from each other, and the
decay curve is sharply nonexponential. This curve can be represented in the
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Figure 3.22. Correlation of experimental values of the
probabilities of MFR W8 (the symbols) with natural absorption
km(V) (lines) of the matrices in the overtone region.
1--tellurite glass, 2--germanate, 3--silicate, 4--fluophosphate,
5--phosphate, 6—-borate.. The symbels in the circles with
arrows indicate the probability of MFR lying below the x-axis.

Key:

a. ABegs, 9, cmpl
b. WS, 107 sec Ky em~ !

form of two quasiexponential components and, therefore, it is possible to
define the probabilities of MFR and the percentage content of the rare earth
ions in the two phases. The indicated fact opens up an interesting possi-
bility for quantitative monitoring of the activator distribution in the
multiphase vitreous system. So far as we know, there are no other methods of
quantitative solution of the indicated problem at this time.

Analysis of the data presented in Figures 3.22, 3.23 also indicates that
the probability of MFR in glass as a function of composition varies in the
region of AE ¢££=5000 to 7000 em~l by 4 to 5 orders, which is appreciably

- greater than was assumed earlier, Therefore the choice of composition for
laser glass has exceptionally great significance. The possibility of quanti-
tative prediction of the probabilities of MFR following from the obtained
results greatly facilitates the solution of the indicated problem. Another
consequence of these results is that the processes of relaxation of the

- excited states, skipping the nearest excited states, are almost completely
excluded. Therefore the MFR process 1s a multistage, stepped process which
must pass through all of the lower-lying electron states.
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Figure 3.23, Correlation of the absorption coefficient (solid
lines) of the glass matrix ky(V) in the overtone region with
experimental values of the probabilities MFR W8 (the symbols)
from different excited states of the rare earth ions normalized
by a unit radiating probability of an electron transition and
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CHAPTER 4, NEODYMIUM-DOPED PHOSPHATE GLASS
§4,1, General Description of Neodymium Laser Glass

Neodymium belongs to the group of lanthanoids, that is, elements with
completing 4f-shell, whereas the shells of n=5 (552, 5p6) and n=6 (6s2) are
completely filled. 1In oxide glass, the neodymium ion is surrounded by o§zgen
ionps, assg rule, entering into the polyhedra of the glass former (the P04 .
Bogg, BOz 8102- groups, and so on), The possible coordination polyhedra
of Nd3* and the symmetry of the environment are investigated in Chapter 2.

The excitation and luminescence of lanthanoid ions are realized as a result of

internal electron transitions 4f-+4f and 4f+5d. For the triple charged ionms,

the 4f+5d transitions correspond to the ultraviolet region of the spectrum,
- and the absorption and luminescencebands in the visible and infrared region
are connected with the 4f>4f transitions. The optical electron is well
shielded from the influence of the crystal fields of the matrix by the outer
electrons, and therefore the general view of the spectrum for different
matrices varies little. The influence of the matrix is felt only on varia-
tion of the relative intemnsity of the individual bands, their halfwidth and
the amount of splitting of the components.

Neodymium-doped glass has become widespread as a result of its good laser
characteristics. Active absorption of such glass is higher than glass doped
with other rare earth elements. The neodymium~doped glass 1s colored a
characteristic 1ilac color and has intense absorption bands in the regions
of 0.58, 0.74, 0.80 and 0.90 micron (Figure 1.10). On excitation by emission
from any of these wavelengths, intense infrared luminescence is observed
with peaks of wavelengths of 0.9, 1.06, 1.35 and 1.8 microns. All of the
luminescence bands correspond to the transition from the same metastable
level 4F3 2 to the lower-lying levels (Figure 4.1). The luminescence of Nd
from the éigher levels (4F5/2, 4F7/2) is weak, and it usually can be
observed only at low temperature (see, for example, [417]).

Lasing 2s theorezicallyapossiblz on a1141uminescent transitions frzm the4

levels F3/2 to Ig 2 Ill 2 113 29 as > but the transition F3 2+ Il 2

(1.06 microns) has éhe most/practicél sig%;éicance. This 1s explaineé by 1
- the high induced emission cross section and four-level lasing diagram.

The level 4111/ "{g raised" approximately 2000 cm~l above the ground state,

and therefore a% room temperature it remains almost empty, In addition, from
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- thiz 2~vel there is rapid nonradiating relaxation of the excitation in the
ground states 419/ » which insures high lasing efficiency. Accozding to the

- data of reference f418], the lifetime of neodymium in the state "I;j/9 does
not exceed 2 nanoseconds. Therefore neodymium-doped glass is a good
material for generators and amplifiers of long light pulses.
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Figure 4.1, Diagram of Nd3* levels in glass
Key:
1. micron

The luminescence bands of neodymium in glass are significantly wider than in
the majority of crystal matrices. The broadening is of a nonuniform nature

g and depends weakly on the temperature, This arises from the irregular
structure of the amorphous vitreous base, which leads to variation of the
nearest surroundings of the Na3* ions and, correspondingly, to variation of
the crystal field acting on them, The variations of strength of the crystal
field and its symmetry cause variation of the amount of splitting of the
terms. According to [419], the amount of splitting of the "Ij terms is
determined by the field strength with cubic symmetry, and the terms 4F3/2,
by the strengths of the fields of lower symmetry.

- When investigating alkali silicate glass [420] it was found that increasing
the alkali content leads to growth of the nearest vicinity of the neodymium
imsand decreases the splitting of the 4F3/2 level. Thus, with a content of
30 molecular % alkali oxide in the glass, this splitting is 135 el for
Nay0 and 115 el for K20, whereas for 5 molecular % NajO, it reaches 160 cm~1,
Splitting of the ground state of the neodymium ion of the given glass almost
does not depend on the composition and is about 500 cm1,

More complex relations can be observed in the process of rearrangement
of the glass structure. For example, in sodium aluminum silicate glass the
splitting of the “F3/j varies from 150 to 220 cm~l [421]. In contrast to
the preceding case, the dependence of the composition is not smooth. With
A1;04 content of 13 to 15 molecular %, the splitting is maximal, which is
connected with variation of the coordination above the aluminum. In these
types of glass, analogous relations are also observed for the magnitude of
the nonuniform broadening of the luminescence band of the resonance traansitions
4F3 41 . In sodium and potassium silicate glass, nonuniform broadening
decréases’ 4s the alkali oxide content increases from 95 cm~1l to 83 em~1l in
sodium glass and to 78 cm~l in potassium glass. In sodium aluminum silicate
glass the nonuniform broadening varies from 90 cm~l to 130 em~1; for A1203
content of 13 to 15 molecular %, maximum broadening is also observed.
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The magnitude of the:splitting of the 4F3/2 level in phosphate glass usually
1s 100 to 140 cm~l, Introduction of additives, for example, MgO or 3203,
- leads to an increase in splitting.,

During lasing, nonuniform broadening is accompanied by broadening of the
lasing spectra [422]. Photometrizing the spectrogram of the lasing spec-
trum at low temperatures and with a high excess of pumping energy over the
threshold, it is possible to determine the form and magnitude of the nonuni-
form broadening., In reference [85], the magnitude of the nonuniform broaden-
ing of 6.5 nm was found for silicate glass, and it was established that the
band curve corresponding to nonuniform broadening is somewhat asymmetric.
The remaining broadening of the luminescence band (usually the width of the
luminescence band of the F transition in silicate glass at room
temperature is 22.0 to 30 nm? is caused by Stark splitting and uniform
broadening of the levels,

The Stark structure of the basic operating levels of Na3t in niobium phosphate
glass was investigated in considerable detail in reference [202] (Figure 4.2).
The magnitude of the splitting of the ground state “Ig/p in it will be about
400 cm 1, which is somewhat less than in silicate glass, and more uniform
distribution of the Stark halflevels indicates low symmetry of the surround-
ings. Nonuniform broadening of the luminescence bands for the transitions
between the Stark halflevels of the 4I 2 and by / levels does not remain
unchanged, but fluctuates within the 1imits of 48 %o 200 cml (Table 4.1).
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Figure 4.2. Stark structure of the basic operating levels
of Nd3* in niobium phosphate glass
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Table 4,1.

) Y, . | {Noaymn-
Ilepexon GI: cgg;e:;'(;:%%? -W;‘l‘l,% I'x;o-
(1) (2')" oM~ '(3)
a—4 Hasd | 4
«—B 11550 | p
4-a 11 444 _—
A 1 | 440
A_& 11232 “ | 475 "
A- 1172 | 495"
A—e | 1104 | 200 -
d—e | odse: | @1 -
A-8: 9441 . | . 68
A-h .| 9387 " -

. AL - 9843 C04
A— 9102 [ 120 -
B-f 9 602 115
B— 9 542 89
B~ 9 509 - 80
51 0459 | . 80
5—% - | 0389 100
B=k ~|, 9304 |- 80

Key:
1. Transition .
2. Transition band frequency, cm
3. Band halfwidth, cm™1

1

The luminescen® lifetime of neodymium in glass varies within broad limits

(from 50 to 1000 microseconds [83-85]). With low activator concentration it

is determined by the composition of the glass and the presence of quench-

ing admixtures. In the borate base the luminescerce lifetime of the neodymium
has the least value (about 50 microseconds), and in the alkali earth silicate
glass, the highest (to 1000 microseconds). The OH-groups [423], ions of
transition and certain rare earth elements, which are acceptors of the neodymium
excitation energy, can serve as quenching admixtures. This is discussed in

more detail in Chapters 2 and 3.

Increasing the neodymium concentration above 1 to 2% by weight also leads to
a reduction in the luminescence lifetime. This quenching is called concentra-
tion quenching and is explained by the cross relaxation interaction of close
neodymium ions [424] (Chapter 3).

Other parameters characterizing the neodymium ion in glass are the quantum
yield luminescence [118, 425], the branching coefficient [102, 118, 421, 426]
and transverse cross section of the lasing transition [103, 104, 117, 118,
427, 429]. The quantum yield determines the efficiency of the conversion of
the pumping light to luminescent emission, the branching coefficient gives
an idea of the relative quantum yield in individual luminescence bands, and
the magnitude of the induced emission cross section determines the choice of
one glass or another for application in specific lasers and amplifiers.
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At the present time lasing on neodymium is realized in a number of types of
glass, but only silicate and phosphate bases have found broad practical appli-
cation. This is explained by good luminescent and lasing characteristics

of neodymium in such glass and also the possibility of achieving the required
;lyhysicochemical parameters by vartation of the composition of glass within broad
imits,

§4,2, Spectral Luminescent Characteristics of Neodymium Phosphate Glass

The spectral luminescent characteristics of neodymium in glass are
characterized by a set of parameters: the absorption and luminescence spectra,
the magnitude of the Stark splitting of the levels, the magnitudes of the
uniform and nonuniform broadening of the absorption and luminescence bands,.
probability of radiating and nonradiating transitions, the decay time of the
excited state, the quantum yield of luminescence and also a nunber of other
parameters. It is possible to find broad data and a list of papers on these
questions, for example, in the survey [47]. 1In this section a study will be
made primarily of the characteristics which, in our opinion, have direct
influence on laser parameters. These are the width and the position of the
luminescence band peak of the operating transition, the radiating lifetime,
the resolution of the optical transitions, and the influence of the quenching
admi xtures.

Table 4.2,

Composition AXg,nm Coﬁposit‘ion Alg,nﬁu

(POg)(ZnLi, 20,4 | (PO); sBukKo,5 20,6
(PO;)eZnK 174 . || (PO BaK 20,0
(PO;)eCdK ¢ 16,4~ | (PO;) BaK, £ 482
(PO,)¢CACs, 18,0 | (POy)sBaK, 15,3

The prospectiveness of neodymium phosphate glass of a material for lasers was
demonstrated for the first time in [123, 430]. In reference [430], a study
was made of the luminescent characteristics of neodymium in the systems
P205+RMe 0, where Me=Li, Na, K, Rb, and P 05+RMe0, where Me=Be, Mg, Ca, Sr,
Ba, Zn, Cd, Pb. The magnitude of R varied with respect to the entire region
of glass formation In addition, studies were made of the characteristics

of the mixed system R(P205+Me20)+(P205+Me0). where R assumes values of

0, 5, 1, 2, 3, 4, 5.

For these investigations, primarily the high intensity of longwave bands in
the neodymium absorption spectra by comparison with silicate glass was noted.
In addition, the maximum of the luminescence band of the transition 4F3/2->
+4111/2 turned out to be shifted noticeably in the shortwave region of the
spectrum, Thus, in the system P20 +RCdO, the wavelength at the peak of this
band was from 1051.5 to 1040.0 nm with variation of R from 0.6 to 1.2,

It was also noted that the given luminescence band in a number of phosphate
compositions is appreciably narrower than in any other glass base. Table 4.2
gives values of the halfwidth of this band for a number of types of glass
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of the mixed system. As we shall see, increasing the alkali oxide content
leads to noticeable decrease in the halfwidth., Introduction of Al,03 into
the glass composition is accompanied by broadening of the luminescence band.

The temperature and duration of founding have noticeable influence on the
luminescent lifetime of neodymium in glass, On the average, it is 250 to
300 microseconds, and increasing the neodymium content leads to strong con-
centration quenching.

During lasing tests of this glass, very low threshold pumping energies were
noted, which made it possible to obtain quasicontinuous lasing,

In reference [123] it was found that in phosphate glass the electron excita-
tion transfer process between the rare earth ions proceeds more rapidly than
in silicate glass. The actual lasing characteristics of phosphate glass were
described there for the first time, It was discovered that phosphate glass
differs from silicate glass by the narrower lasing spectrum, and the signif-
icantly larger gain of laser emission. All of this has served as an impetus
to the expansion of operations in the given region.

A detailed study was made of two glass-forming systems: namely, MePO3~BPO4-
Mg0, where Me=Li, Na, K, and Me(PO3),-A1(P0O3)3, where Me=Mg, Ca, Sr, Ba, Zn,
Ccd, Pb [167, 430]. These two systems with different additives make up the
base for the majority of industrial phosphate glass, both optical and
laser glass.

In the noted papers it was demonstrated that luminescent and laser character-
istics of neodymium in phosphate glass are determined to a significant degree
by the structure of the latter. The structure of the glass is investigated
in Chapter 2. The basis for the structure of the majority of pure phosphate
glasses is the long polymer chains made of PQ;  tetrahedra connected with
respect to the peaks. With an increase in the BP0, content in the glass, it
is necessary to expect an increase in binding of the anion motif and partial
replacement of the PO, groups in the coordination sphere of Nd3t by BOy, or
BO3. This increases the number of versions of the nearest vicinity of N3+
and leads to an increase in halfwidth of the nonuniformly broadened
luminescence band. The nonuniform nature of the broadening is confirmed by
studies of the luminescence spectra at helium temperatures. As has bzen
demonstzated, significant variation in the magnitude of the Stark sp'.itting
of the F3/2 and 4111/2 levels 1s not observed for these compositions.

Rearrangement of the glass structure found its reflection in the variation in
halfwidth and position of the peak of the luminescence band of the transitions
4F3/ +4111/ . The dependence of the halfwidth of the luminescence band on
the §P04 content for lithium, sodium and potassium glass is presented in
Figure 4.3. As follows from the performed measurements, very small halfwidth
of the band is observed in glass based on sodium metaphosphate (14.4 nm);

for lithium metaphosphate the halfwidth is somewhat greater (16.2 nm).
Increasing the BPO4 content to 45 molecular % leads to broadening of the

band to approximately 18 nm; the least halfwidth is observed for potassium
glass.
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Figure 4.3, Halfwidth of the luminescence band of Na3H
in glass of the MeP0,~BPO; System as a function of the
BPO, content; Me=Li, “Na, K.
Key:
1. A\,, m
2. [3504], molecular %

Increasing the broad orthophosphate content in the glass leads not only to
variation of the nearest vicinity of the Nd3+, but also to rearrangewent of
the glass structure. The presence of the BPO4 groups corresponds to cross
linking of the metaphosphate chains., By the Raman scattering spectra, it is
well vigible (Figure 4.4) how the transition takes place from the linear anion
structure characteristic of sodium metaphosphate to the structure with high
binding of the anion motif and glass with large boron orthophosphate content,
In the luminescence spectra this is reflected in the shortwave shift of the
luminescence band peak of the transition 4F3/2+4111/2 in Nd3+ (Figure 4.5).

‘Another picture is observed on introduction of magnesium oxide. As its con-

- centration in the glass increases, the content of pyrogroups and orthogroups

’ must increase. Here the average length of the polyphosphate chains is quickly

reduced, and the number of terminal groups PO7~ increases. In the Raman
scattering spectra of glass the bands characteristic of metaphosphates dis-
appear, and new bands appear corresponding to the orthogroups and pyrogroups.
This rearrangement of the anion motif of glass from chain to predominantly
island leads to a shift of the luminescence band peak of Nd3+ to the longwave
region of the spectrum for sodium glass to 1056.5 nm (Figure 4,6). Strong
deviation of the shift from linear is observed for potassium glass, which
can be connected with partial transition of magnesium to quaternary coordina-
tion and the formation of Mg0, groups. However, judging by the relations pre-
sented in reference [167] on the properties of glass as a function of its
composition, the number of these groups must not be large.

As the Mg0 content in the glass increases, the halfwidth of the luminescence
band of Nd3* increases significantly (Figure 4,7). The probable cause is an
increase in the strength of the disturbing fields caused by an increase in
the second coordination sphere of Nd¥* ion of the number of high charge ions
Mgz+ with small radius. However, in potassium glass the presence of Mg0 is
felt weakly. Obviously, in this case primarily the kt ions are located in
the second coordination sphere of neodymium.
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Figure 4.4. Spectra of Raman scattering of glass of the
NaP04-BPO, system for different ratios of the components
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Figure 4.5. Position of the peak of Figure 4.6. Position of the mgﬁimum
of the luminescence band of Nd~ in

the luminescence band of Nd¥* in glass
of the MePO3~BPO, system as a function glass of the MePO3-MgO system as
of the BP0, content; Me=Li, Na, K a function of the MgO content;
Key: Me=Li, Na, K.

1. [BPO,], molecular % Key:
1. [Mg0], molecular %
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In glass of the ternary system MePO4-BPO,-MgO the indicated trends are retained.
Consequently, on the basis of this system, it is possible to synthesize laser
glass for lasing of different wavelengths and with different halfwidth of the
luminescence band of the transitions F3/2+4I 1/2° In this way it is possible
to vary the lasing wavelength within the limi%s %rom 1052.0 to 1056.3 nm and,

4s will be demonstrated hereafter, the width of the lasing spectrum and magni-
tude of the cross section of the induced emission, and at the same time, the
gain of the coherent signal.

In reference [167], a study was made of the glass of the MePO3-B203 system,
and it was demonstrated that the introduction of boron anhydride leads to
broadening of the luminescence bands of Nd3 and their shift to the longwave
region of the spectrum for alkali metaphosphates of Li, Na and K (Figure 4.8,
4.9)'

The spectral luminescent characteristics of glass based on metaphosphates of
the elements Mg, Ca, Sr, Ba, Zn, Cd and Pb were studied for compositions of
(100-x)Me (PO )z-xAl(P03)3 [431], where x assumed values of 0, 12,5, 25,
50 and 75 molecular %. TFor all pure metaphosphates of the basic subgroup
(Mg, Ca, Sr, Ba) the peak of the absorption bands of the transitions
4F3/2+4111/2 is found for the same wavelength of 1054 nm with small devia-
tions. For Zn, Cd and Pb the peak is shifted to the shortwave region of the
spectrum, especially for zinc glass. The halfwidth of the luminescence band
- of Nd3+ decreases monotonically in the series Mg-Ba from 22,6 to 18.0 nm.
Here a linear correlation is observed between the radius of the cation Me +
and the halfwidth of the luminescence band (Figure 4.10). This agrees well
with the propostion of variation of the force of the disturbing crystalline
field created by the modifier ions. The increase in aluminum phosphate con—
tent in the glass in all cases is accompanied by a shift of the luminescence
band peak of Nd3* to the shortwave region of the spectrum (Figure 4.11) and
an increase in its halfwidth (Figure 4.12). The Ca and Mg metaphosphates
constitute an exception; in the latter the halfwidth even decreases somewhat.
The greatest shift in the peak is observed in zinc glass. For 50 molecular %
Al(P03)3 the lasing wavelength in it must be 1051,1 nm, Measuring the
Einstein coefficients Ag g, Al.02’ Ay 35 for luminescent transitions and
Jadda coefficients 29, 2, fg (54.3) demonstrated that the resolution of the
transitions increases in the series Be-Ba, and the ratiosof the areas of the
luminescence bands (the branching coefficients) remain almost constant
(Table 4, 3)0 F——

1 1 L J
g w20 W 4w 50 :
[M g()]: Mo, Y (2 )

Figure 4.7. Halfwidth of the luminescence band of Nd3* in
glass of the MePO5;-MgO system as a function of the MgO content;
Me=Li, Na, K
Key: 1--8}p, nm; 2--[MgO], molecular Z%
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The luminescent lifetime of neodymium in the investigated glasses based on
alkall and alkali earth metaphosphate experiences significant fluctuation
(within the limits from 200 to 350 microseconds). However, these fluctuations
can be connected with the difference in residual water content as a result

of inconstant synthesis conditions.

I L L L 1 .
o mo q S0 g 20 <40 [By03], man (2
[BQOJI,»«U{.'/. (2) (5 3] a7 )
} Figure 4.8, Halfwidth 3{ the Figure 4.9. Position of the peak of
luminescence band of Nd”" in glass the luminescence band of Nd3* in
of the MePO3-3203 system as a glass of the MePO4~B,043 system as
function of B203 content; a function of the B203 content;
Me=Li, Na, K. Me=Li, Na, K
Key: Key:
1. AXy), nm 1. Apays nm
2, mo&ecular A 2. molecular %

The development in the USSR of experimental and industrial phosphate glass
LGS-40, LGS~41, LGS-42, LGS-I, LGS-M and KGSS-1621 was a natural consequence
of the performed research.

The results of studying the spectral luminescence characteristics of alkali
alumophosphate glass are presented in [162]. A study was made of the glass
of the Me20-A1203 P:0; system. The phosphorus pentoxide concentration varied
within thé limfts ffom 33 to 66 molecular %, and the ratio of Me,0/P,0g was
selected equal to 1:1, 1:2 and 1:3. The absorption spectra of neodymium in
such glass have the usual form, the most intense bands correspond to wave-
lengths of 590 and 794 nm. Significant variations of the spectra with temp-
erature are not observed. The best resolution of the spectra occurs in
potassiu;p glass; the resolution becomes worse as the radius of the cation
(Na* , I1") decreases, The same thing also occurs with an increase in the
P905 content. A decrease in the ratio Me20/A1203 gives the inverse effect.

The indicated variations are connected with the arrangement of the structure
of the glass, the base of which is made up of the tetrahedra PO4; and AlO,.
With a decrease in the ratio Me,0/A1,04<l in the glass, AlOg octahedra
appear. The luminescence lifet:l.me of Ni in the investigated glass contain-
ing 2% by weight Nd203 varies from 350 to 500 microseconds, increasing as
the Mey0 content increases and the P 05 content decreases. The residual
water content has not been controllea.
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Figure 4.10. Halfwidth of the luminescence band as a function
of the cation radius
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Figure 4,11, Postion of the3+ Figure 4,12, Halfwidth of the
luminescence band peak of Nd luminescence band of Nd3t in glass
- in Me(P03)2-A1(PO ) 3 glass as of the Me(P03)2—A1(P03) system
a function of A1(303)3 content. as a function of Al(P03;3 content.
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In order to improve the physicochemical characteristics:of alumium phosphate
it is possible to introduce vanadium [433, 455] or niobium [159, 433] into
their composition. On addition of vanadium pentoxide, part of the vanadium
usually is reduced to tetravalent state, which leads to coloring of the glass
a dark red color [416]. In order to avoid dyes when preparing the charge,
yttrium orthovanadate (YVO4;) or neodymium orthovanadate (NdVO4) is used.

The introduction of even a relatively small quantity of YVO; (0 to 0.2% by
weight) causes a sharp shift of the edge of the ultraviolet absorption of
the glass to the longwave region of the spectrum (to 350 nm), The lumines-
cence lifetime of the neodymium and the quantum yield of the luminescence
first (to a concentration of YVO, of 0.35% by weight) increase, and with a
further increase in the YVO, content, quickly decrease. The maximum of the
luminescence band of neodymium corresponding to the transitions 4F3 /2-4111 /2
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is shifted in the direction of longer wavelengths, which can be related to
the rearrangement of the giass structure. Obviously, with a small content,
vanadium forms the Vo7~ tetrahedra which can be built into the polyphosphate
chains without disturbing the overall structure of the glass, and a further
increase in the V content leads to the fact that it begins to play the role

of an ordinary ion modifier causing depolymerization of the vanadium phos-
phate anion motif.

Table 4.3
- i - | et .
N N N v N
R IS - B R LI TR - 3
B o o o 3] [} Q - U S
v |05 (R 102258 |O
e = = - ® AE-LE =
- P N -0 - B S R
d a d < < < s 8: °°Z
Be 592 2,93 | 2,87 | 640 [ 0632 | 140 }6 +44:10 | 1,28
Mg 571 | 2,68 | 4,13 665 | 800 | 205 | 40 : 48 :12 | 2,05
Ca 4,28 | 3,50 | 4,25 | 872 | 966 | 236 | 42:46:12 ] 2,40
Sr 441 3,64 | 5,06 | 953 | 1136 | 286 | 40:48 : 12| 2,94
Y 2,94 | 4,58 | 538 | 1214 | 1316 | 320 [43:46:11 | 3,00
T 480 13,26 | 4,51 | 8321 991 | 240 | 40:48:12 | 3,0
(| 4,03 13,42 | 4,75 | 932 | 1108 | 279 | 40:48 7121 3,0
1" 200 | 3,34 | 4,82 | 1241 | 1510 | 383 | 40:48:12 ] 3,8
The glass composition in molecular Z: 50 MeO-50P,0.-0. 7Nd203;

ogg--value of the transverse cross section determinea spectroscopically.

Analogous processes also take place in aluminum phosphate glass containing
Nb [434], which indicates identical behavior of vanadium and niobium in them.
Consequently, it is possible to consider that the introduction of small
amounts of these elements is felt favorably in the spectral luminscence and,
apparently, the lasing characteristics of aluminum phosphate glass.

The so-called fluophosphate glass is a version of phosphate glass. Fluo-
phosphate glass, along with phosphate, can maintain up to 80 molecular 7%
alkali earth element and aluminum fluorides, The spectral luminescence
characteristics of neodymium in such a base were investigateéd in detail by
the authors of references [115, 191, 345]. With respect to their structure,
the fluophosphate glass is very similar to phosphate. TFor the systems
investigated in reference [345], Ba(PO3) 3+ (0.4)A1F3-(0.6)CaF, and
Ba(P03)5-MgFy, the existence of magnesium fluoride and calcium fluoaluminate
groups present in the products of crystallization of the glass along with
the phosphate groupings and the fluophosphate groupings PO3F is permissible.

- All of these groupings can serve as ligands in the complex molecules con-
taining Na3+,

As the fluoride content increases, a significant shift of the peak of the
luminescence band of the transition 4F3 / 41 1/2 of Nd3* to the shortwave
region of the spectrum is noted (Figure 2.13}. For 80 molecular % fluorides,
the wavelength of the peak is 1051.0 nm. The authors of [115] relate such
shifts to the localization of neodymium in the fluoride component of the
glass. However, beginning with the results obtained when investigating
phosphate glass, the primary cause of this should be considered to be
rearrangement of the structure of the glass. The halfwidth of the lumines-
cence band of neodymium in aluminum fluophosphate glass [115] is 18 to 19 nm,
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It must be noted that fluoridation is in itself a good method of dehydration
of glass; therefore the fluophosphate glass contains an extraordinarily small
amount of residual water and has high quantum yield of luminescence.

_ Table 4.4 gives the luminescence characteristics of some fluophosphate glasses: '
namely, the quantum yield of the luminescence q, the luminescent lifetime
Tgs the total probability of luminescent transitions and the absorption of
water contained in the glass on a wavelength of 3100 nm.

X 1056
2
T
(1) < 054

wsé

00— TR
lMy/-;]., ron.%
. )

Figure 4.13, Position of the peak of the luminescence band
of Nd3 in barium magnesium phosphate glass as a function of
the MgFy content
Key: ‘
1. paxs nm

2. molecular 7%

Introduction of a small amount of silicon oxide into the composition of
phosphate glass can be accompanied by an increase in the chemical stability
and suppression of the inclination toward crystallization, which is extremely
important for production. Some of the luminescence characteristics of a
number of silicophosphate glasses based on alkali and alkali earth elements
were studied in reference [436]. The presence of 15 to 20 molecular % $i09
in the composition of phosphate glass is felt little in the luminescence band
width of neodymium. With a high SiOp content, just as in the case of the
MgO and BPO4, additives, braadening of the bands takes place.

An important luminescence parameter of the laser material is the quantum
yield of luminescence. For Nd3* ifons in glass it is determined primarily by
the concentration quenching of the luminescence and the scattering of the
excitation energy of high-frequency vibrations of the molecular groupings,
especially the OH-groups. The quenching of the luminescence of Na3* in glass
by water was first indicated in reference [181]. The general mechanisms of
quenching were investigated in Chapter 3. 1In [117] it was established that
the luminescent lifetime of Nd3* measured in the initial section of the
luminescence quenching curve depends on the water content in the glass,

and the lifetime measured on its "tail," almost does not depend on it and

is determined by the neodymium ions with the least luminescence intensity.
This process is analyzed in detail in §3.3.
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At the present time it has been demonstrated that in condensed media, in the
vibrational spectra of which there are no high-frequency components, the

- quantum yield of luminescence of neodymium with low concentration of it can
approach one [412]. The highest frequency vibrations_in the spectrum of
phosphate glass lie in the region of 1000 to 1500 cm'l, and therefore in them
quite high quantum yield must also be observed. According to the data of
references [118, 425], with careful dehydration it approaches 0.8.

Concentration quenching of the luminescence of neodymium as a function of the
glass composition usually begins to be felt for Nd,0, content of 1 to 3% by
weight [117]. The quenching of luminescence is characteristic of all multi-
component systems, but homogeneous types of glass not subject to microstrati-
fication are the least subject to it (Chapter 2). A significant difference

of the concentration quenching from water quenching is the possibility of the
occurrence (with a quite large neodymium content) of the NdJ* ion associates
almost completely losing the possibility of luminescence as a result of strong
exchange interaction.

B Table 4.4. .
- S i e — R
l ol a4d.
No |Compositionm, dal ;LYo
ol 1, o z
( .| molecular % q | gl - ¢ S,
a0] = @ e
®2Q ';’ m 2
E 0l s S <
1 Bu(P0y), 0,70 | 310 2,26 1,250
2 | 50Ba(PO;),-S0MyF, 0,02 | 340 | 270 0,430
3 | Ba(PO,),- T0Mgl?y 0,95 | 410 232 0,143
4 | 50Ba(P0Oy),- 20A1F,.30CaF, 0,03 | 3703 2,51 |0,425
- 5 | 10Ba(P0,),-36ALF,-51CaT, 0,95 | 530 1,79 0,075

Nd203 concentration in the glass was 1% by weight.

If in ordinary laser g%asses the neodymium ion concentration fluctuates within
the limits of (1-4).10 0 cor3 (1 to 4 7Z by weight Nd203), then, for example,
in glagg with the composition NdPg04, (neodymium pentaphosphate) it can reach
3.6:1021 em3. It is not possible to obtain homogeneous glass even for the
ordinary multicomponent glass with this neodymium content as a result of the
inclination of such glass to crystallization and stratification during the
founding process. On the basis of mixed alkali and alkali earth metaphosphates
and neodymium metaphosphate it is possible to obtain highly homogeneous glass
containing up to 30% by weight or more Ndp0,. A number of luminescent
characteristics of such types of glass are presented in Tables 4.5, 4.6 [229,
4362. As can be judged by the ratio of the radiating Tg and maximum T, .
luminescence lifetime obtained by approximation of the dependence of the
lifetime on water content in the glass to its zero content, the quantum

yield of neodymium luminescence in such glass for Nd3* concentrations to
4+1021 cm=3 can reach 0.15 to 0.2, This makes them an entirely suitable
material, for example, for microlasers——devices where small volumes of work-
ing material are required. The maximum of the luminescence band of the
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transition for all mixed metaphosphates is located at 1053 nm,
which is somewhat less than for the ordinary alkali and alkali earth meta-

The halfwidth of the luminescence bands is high and

depends weakly on the type of cation; both for sodium and for barium glass
Attention is attracted by the broadening of the luminescence

it is 21 nm,

band in the glass with the composition MePOg(Me(PO3)2)-de(PO3)3

neodymium content increases. Whereas for a neodymium content in barium

as the

metaphosphate in the amount of several percentages the halfwidth was 18,0 nm,

in glass with the composition Ba(P03), +Nd(PO3)
increased to 22.8 nm in Ba(P03)2 2Nd(P03)

*Te

it reached 21.0 nm and
same thing occurs also in

alkali metaphosphates, for with a small neodymium content in sodium meta-

phosphate or potassium metaphosphate the halfwidth is 14.0 nm.

This dependence

of the halfwidth on the concentration can indicate significant electrostatic
interaction between the neodymium ions in such matrices, which nevertheless

does not lead to strong quenching of the Nd
possible to state that a decrease in the cation radius, for example,

luminescence.

It is also

Table 4.5

N A, A,

Composition mz:e;—s -y o
LiPO,-Nd(POy) 414 | 1053,0 21,6
NaPO;-Nd(POy) 395 | 1053,0 21,6
KPO,-Nd(PO,), 3,76 | 1052,8 20,4
St(PO,),- Nd(PO,) - 1U53,4 21,8
1a(POg);-Nd(POs),y 3. 1053,6 21,0
I'b(PO,),- NA(POs)s - - 20,8
i Ba(PO),- 2Nd(POy)s 38 | 10635 22,8
Ba(PO,),-2NA(PO,)s- 2La(PO,); - 1053,6 22,8
Nd,04-5P,04 3,6 1051,3 24
NA(POg) - — 24,0
Composition o e “inax’

P 1078 | 0%sed 107" sec
gec

LiPOy-Nd(PO,)s 350 35 60

NaPO,-Nd(POs); 340 40 60

KPO,-Nd(POy)s 330 60 65

Sr(P0g)y-Nd(POy), . - — -

Ba(POy),- Nd(POy)s 330 30 30

Pb(PO;),-NA(POy)y - — —

Ba(POy)s- 2Nd(PO;)3 420 29 30

Ba(PO,)ZIZNd(POE)g-2Lﬂ([’0,)3 — — -

Nd,04-5P,0, 325 55 0

Nd(POy), - 13 15
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replacement of Ba by Sr leads to a noticeable increase in the probability of
nonradiating relaration, which can be explained by a decrease in the spacing
between adjacent neodymium ions.

Table 4.6

Composition, 1092,;) et S .“"{:llll'“i M . ggg:;h: . ':-»’E

molecular % m mw wc'\i T [SeCTTSeC Hoc ] c(i)Znti e
;mpAuo,ZAnmorﬂWJH y :' 7@2 2£; 47t | 78| o8| 23 | 38:49:13 ] 208
. 1/.,3M,0,-2,4Na;o;.83,3p,o. i 10,78 | 458 582 |10 1281 | 208 [ 40:49:11 | 2.0
22;ﬂln;0,.é,é.ﬁ(f,o,qsp',o.' ', I '6,5.6  388 ;s,as 1088 | 1459 | 268 | 43:46: 11 2,42
14.31..,0,.'z.md,o.-sa.av,o. Ny 9,45 4,54'.' 492 | 1213 | 1264 | 200 | 44:46:10 ] 2,34
22.uv,o,-'2,/.Nd,o.1vsp,o; . ‘1'.11 ' 2.35  432 | 692| 955 “953 | 31080013 |79

. A , .

14,3\(,(_),.2,4;0,0,-w.ap.0.‘ 83 | .365 |- 432 | 8031038 237 | 41:48:11 | 200
22,0La,q3-2,4Nd,0.-75P.0,' 5.8 298 | 404 | soo| se2| 202 |0:48:112] 1,99
,4;314,‘0,.;md’o,;sé,sp,‘(). ~7.:18‘ '3,04A aa1 | 664 | t011 | 266 5214 é:zs
12,}2[._&,0,.12,8‘Nd,0;.15P,0;' o 5,':.12 3,44 395 | 018 | 1008 | 247 G241 | 224
3.0L8,05- 12,iNd,0, 83,3905 619 | 328 | 456 |-933]1101] 267 [40:48:12 ] 2,54’

In contrast to the mixed metaphosphates, the wavelength of
luminescence band for neodymium pentaphosphate is 1051 nm, and the halfwidth
of the band is 23.4 nm. In recent times, luminescence of neodymium has also
been detected in the form of the pure metaphosphate.
time for glass not subject to careful dehydration was 12 microseconds.

the maximum

In addition to the quantum yield of the luminescence, the neodymium ion in
glass is characterized by the intensity of the luminescence bands arising

on transition from the levels 4F3

4 4
L300 Tygp90 T

9 to the lower-lying levels 4115/2
g/+ The intenmsity of the luminscence band is ’
determined by the Einstein coefficients for these transitioms.

data for industrial phosphate glass are presented in Table 4.7 [47]. Table 4.8

gives comparative characteristics: of the glass on a different base [103].

In our glass except the glass indicated in the last column of Table 4.8,

Nd was introduced in the form of an oxide, and in the glass in the last
column, in the form of the fluoride.
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Table 4.7
g o
(] -4
B AP g
Type of] g 2 O, fan,
q . | max N
glass 3 2 ‘. * ol mm | nm
gd 2 FlE 2| :
[-) - ‘1.
Eose| || A] RS
‘ ’ .
:GLS-2{ | 1,11 | 1,38 | 0,73 340 | 1 055| 19
S-22 | 1,63 | 2,0 °| 0,74 |1047 | 4557 | 278 | 300 | 1 055| 19
GL§-23 {28936 |0, { - 250 | 1 055} 19
. GLS-2 | 4,50 | 57 |0,44 _ 210 | 1 055 19
LLGS—40 | 34 | 2,75 1063.f 1489 | 303 [ 220 | 1 054| 14
"LGS-41 13,2 3,08 -~ | 280 |1 054] 18
1es=42 |- 1 : n 260 | 1 054] 18
,LGS=54 | 2,0 | 2,01.107 |1240'] 1660 | 359 [ 260 | 1 055 17 . -
"LGS-55 | 2,0 1,000,568 | 860 | 1240 | 248 | 310 | 1 053f 49
:1@S=56 12,0 171,03 0,58) 886 | 1186 | .257..| 300 | 1 054] 19
-LGS-H-1 | 1,11 | 1,23 : 300. | 1 055 19
“LGS-H-2 | 1,92 | 2,33 280 | 1 055| 19
‘LGS>M . | 3,0 | 317 260 | 1 054] 18
LFG41 | 4,0 [ 4,52 | *| 645 .32
LHG-5 | 3,31 | 3,17 200 | 1 056| 18,6
LHGS | 3,62 ]|339 |- 21 18,8
LHG-T_[-8,38] 3,04 305 | 1 054] 18,2

§4.3. Spectroscopic Methods of Measuring Some Luminescence and Lasing
Characteristics of Neodymium Glass

One of the widespread methods of determining the spectral luminescence
characteristics of Nd”" in glass is based on the results of references [437,
438]. The authors of these papers have demonstrated that the strength of
the transition lines between levels of the trivalent rare earth ions can be
described by the following expression:

FS, L]+, L', J)= NI g FOYS (4.1)

where S, L, J are the main quantum numbers of the initial level, S', L', J'
are the main quantum numbers of the final level, |<J | |~Ub| [3'>| are the matrix
elements of the unit tensor operator which do not depend on the composition
of the base, @, is the Jadda coefficient taking into account the influence
of the base.

According to [444], it 1s possible to express the following values in terms
of P:

The integral band intensity

< 8% 1 [ (a4 2)?
_P‘(")d“‘sch,:zl-m) 7[ 9 ]9’- (4.2)
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where n is the index of refraction in the base, N is the volumetric concen-
tration of the neodymium ions, e is the electron charge, ) ig the average
wavelength of the transition, c is the speed of light, h is the Planck
constant, k(1) is the absorption coefficient on a wavelength of 1;

The probability of spontaneous transition

. - . Bintet (n® +2)
A('S'.L""’S","If'J)—f'sh(ZJ+l)A” [ ]9’ (4.3)
The oscillator strength
B mc’
f— ﬂl ("|+2)3 ”fk(v)dv (494)

where m is the electron mass, N is the concentration of the neodymium ions.

Knowing the probabilities of spontaneous transitions from the metastable
Ng3H+ level, it is possible to find the branching coefficient

Cag) o ALy ) (4.5)
PUFn ) = et Braa=

The usual lifetime S

[pacy.

Quantum luminescence yield

(4.6a)

where 1y is the luminescence lifetime of neodymium, and the value of the
cross section of the induced emission at the maximum of the working
transition band

. -,..——---— o

'—,,31—'1(4&?-/:-’- IJ) (4.7)
Key: 1. eff A

where A) ¢¢ 18 the effective halfwidth of the luminescence band, The matrix
elements used for these calculations were calculated in references [437, 439,
440], and the measurements reduce to determining the parameters b with
respect to the absorption spectra., For example, in [439], 21 absorption
bands of neodymium were used for this purpose; in [104], 9 bands were used.
The investigation of the influence of the number of bands taken into account
on the accuracy of determining the parameters was performed in reference
[102], and it was demonstrated that variation of their number from 6 to 10
does not lead to a significant change in the value of Q.

lThese branching coefficients differ from the ones presented in Table 4.6
- by a constant factor.
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Table 4.8
Glass composi~ X :
67P,0 878,90, 67Ge0, 678i0 11810, ,
tion, % by - , |'Bi0 | 18840’ | 1xa0’ | Temeq | 807¢0s | 5BaC | 50310 ‘AICPO
velght 15,0, | K0 | Ko | ko [ 2000 | 2L | Eiple) | EANGR:
— - — — —»
A, S ) mes ) 2328 2209 1602 | 4193 | 2660 |- 2323 2095 ¢ °
I=v, 043 | 042 | ‘046, | 045 |- o045 | o4s | 043 0431
8= E% =ty | 048 | 049 | 045 |. 7046 | o046 | 046 | 047 Y oo4s
y . . . * : .
T I=13, "0,09 0,09 008- | 0,08 008 | o008 0,09 0,09
!J="/. . 0,005 | 0,005 | 0004 | 0004 | 0004 | 0004 | 0004 | - 0005
Radiatign Jife-- — ' -
ti‘me - : : :
secondd® nifES 346 419 435 62 | 239 | - 302 309 an
— 1055 | 1061 ;| 1062 | 1080 | o063 | to60 | 065 | s0s4 .
Moff, TM 25,3 36,8 37 | 349 | 289 | 434 38,6 212
) op 107 at 44 22 | 19 [ 15 2.9 18 | 25 I vy

Megg 18 the halfwidth of the luminescence band normalized to the gaussian

curve [103].

The operation of determining the cross section of the induced emission was

simplified somewhat by the author of [441]. For this purpose use is made

of the fact that the ratios of the area of the absorption band on A=750 mnm

(419 /2-*["1"7/2; 419 /2+"S3 /2) to the areas of the radiation bands on A=1060 nm

(4F3/2+4111 /2) and A=1335 nm (l'F3 /2->4I3/2) depend weakly on the composition

of the glass. Measurements by the proposed method reduce to determining the

absorption band strength Py5q and the calculation by the formulas
o L . N (4.8a)

1000 == 2,70-107cht - P20/ Adagi(sosors

" Olass l'='1,335-10'“cu-9’».,,0/133,,29(”"). (4.8b)
Key: 1. eff (

Testing demonstrated good coincidence with the data obtained by other methods
for various types of glass.

) The band strength Pygq is defined by the expression

K o -_" i/?é:;'c‘hé 9 ‘
P j‘ k:(}.) d.’,' T 3ch (2T F 1)

(4.9)

where k(1) is the absorption coefficient (em™1), N is the volumetric concen-
tration of Nd3*, J 1s the quantum number of the lower level "Iqg /2°
£=(n2+2)2/9n is the correction factor of the local field in the aielectric.
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In a number of papers, the lasing transition cross section is calculated in
terms of the measured Einstein coefficients., For example, in [427] for
determination of the probability of the transition, the formula

———

e e
g

N .
B P (4.10)
TS g
A(*Fan> In)= yhe ;;‘ j‘ Ky (¥) dv,
- e

o
P

is uged where A; 1s the probability of spontanzous transition between the
lower Stark components of the ground state of and the excited state
4173/2, v} is the frequency of this transitionm, szi is the total probability

of all spontaneous transitions on the lower component of the excited state
to the upper halflevels 2, 3, 4, 5 of the §round state, N7 is the population
of the lower Stark component of the state “Ig /2

The value of A] is found from the resogance absorption spectrum and the
helium temperature, and the ratio (A;+ Ai)/Al, from the luminescence

spectrum of the same transition also a%nﬁelium temperature, Hereafter the
value of oy will be defined by the expression

ﬁ,ﬁ
Op=—ttos 1 1 404 \ (4.10a)
! Bunledg g A31,08 A(*Fy L),

\Zhere 8 is the rztio of the luminescence energies of the transitions

In reference [118], a somewhat different formula is used, namely:

Sl ng A - » 3T : k" o

E2lg )™

(4.10b)

A e ,
ARV, lwe .

Since the total probability of all radiation transitions from the metastable
state is connected with the radiation lifetime of 1, (4.6), measurement of
the luminescence lifetime and quantum yield of the luminescence permits
determination of the value of 'ro-'rz/q.

Normalizing the total luminescence spectrum of neodymium, it is possible to
find the ratio of the number of quanta emitted during lasing transition to
the total number of emitted quanta as the ratio of the area of the transition
band “F3/2+4Ill /2 to the sum of the areas of all the luminescence bands and,
consequently, to find A(4F3/2—>41 1/2). After substitution of the obtained
result in formula (4.10b) we fin& Oge

For determination of the quantum yield of the luminescence of neodymium
glass frequently a traditional method is used utilizing the selective
excitation source and integrating sphere [425].
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84,4, Cross Section of Induced Emission of Na3* Tons in Glass

The determination of the induced emission cross section of Nd3 or other ioms
in glass has its peculiarities caused by mnonuniform broadening of the levels
in the energy spectrum of the laser iomns. Nonuniform broadening is manifested
not only in erosiorn of the electron states in some energy interval, but also
the difference in resolution of the transitions between these states. It is
algo necessary to pay attention to the fact that the upper laser level of
NaH has two Stark.components, and the lower, 6, and out of the 12 transitions,
those for which the induced emission cross scction on the lasing frequency
is nonzero can participate in the induced emission. All of the indicated
facts can be considered by defining o(v) as follows

At A A .
o [ [ e v YN (4, 1) dAdy”
. G(V, t)~=‘o’av ) )

RS ‘ ' (4.11)
- [ [N, 4, 0dady -

RS ~ AY 0

where 0(A) is the integral cross section of the induced emission of a
luminescence center with the probability of spontaneous emission A;

y(v, v') is the form of the uniformly broadened line with peak at v'
normalized by 1; N(A, v', t) is the inverse population of the Nd3+ ions on
the level 4F 9 with resonance frequency v' and probability of spontaneous
emission A at the time t. Integration with respect to v' is carried out in
the spectral range of AY bounded by the complete width of the luminescence
band of the transitions “F 244111 5+ and with respect to A, from 0 to =.
Let us introduce the distr?éution éunction p4(A, v) normalized at each point
in time such that

N4, % 0= Nu() pr (A, %), 7 0. [ [ pu(d, ¥) dAdv = 1, (4.12)

Here Ny(t) is the total number of excited particles per cubic centimeter,
For the induced emission cross section o(v, t), we obtain

a(v,t) == ‘f ,[U(A) ?'(,.V, V') py (4, v') dAdv', (4.13)

that is, at each point in time t o(v, t) is defined by the shape of the
luminescence band given by the two-dimensional distribution function p(A, V).
The kinetic equation describing the variation in particle density distribu-
tion N(A, v, t) in the case of the four-level system has the following form
on neglecting the variation Of the number of particles in the ground state
4197 1454]

LI D ) ey (4, V)~ N (4, v, ) A—

=G (AN (A, v ) [y, VT, av +

o (4.14)
+wulped, ) [N (4, v, HydAdv— N (4, %, 1),

where (hv)-lem is the pumping rate, I(v, t) is the emission intensity

on a frequency of v, pg(A,v) 1s the distribution function determing the popu-
lation of the metastable state by pumping, wy, is the probability of energy
exchange between ionz. Using (4.14), let us demonstrate that even in the
absence of induced emission and energy transfer, the cross section defined
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by formulas (4.11) and (4.13) will vary as a function of the excitation
conditions of the particle ensemble,

If the ion dispersion with respect to frequencies inside the nonuniformly
broadened line does not correlate with the dispersion with respect to Al,
it 1s possible to represent the distribution function in the absence of
induced emissfon in the form of the product of the distr:lbution function
with respect to A and the frequency v:

: p(A, ‘v) - p(A)p(v), : (4.15)

where .

e e g — g

f é'@ Ma! and. I () dv=1. (4.16)

The solution of (4.14) in the absence of induced emission and in the case of

rectangular shape of the excitation pulse lasting tj 1s represented in the
form

s

1 , ‘ h V )
N, vy -.—.-(—‘Q—\i-"p., 9 (1 "‘) for z<ti. (4.17a)

o2 =A) (4 — ) FOFs 1>ty (4.17b)

For a short excitation pulse (At;<<1) from (4 11), (4. 12), (4.15), (4.17),
considering that o=aA, where a is a constant coefficient, we obtain

x4 (v, t) =aF (v). A (4.18)

F(v)= _‘. Y,(V-."_".)P(‘V') d"_': = I Ap (A) dA is the average value of A.
For the steady excitation mode t<t1
o(v, oo) = aF ®) (A"‘)'1 ' (4.19)

Tnasmuch as-i)(}FT)-l, ‘then -‘"ff""_.f

1In the presence of a correlation it is easy to obtain the same results using a
uniform distribution function.
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Analogously, if the ensemble of Nd3t ions is excited by the short pulse
»(AtI<<1), and luminescence decay of excitation then occurs, :

I . — AL N
oW, 1) =aF (v)_f_,”fi’i‘_?_“_‘.“_ o (4.20)
R LI 7 WA

where t'=t-t;. Obviously if p(A)=6(A—A0)1 (the case of absence of dispersion
with respect to A), them o(v, t')=aAgF(v)=c(A)F(v). It is easy to demonstrate
that for the distribution function with respect to A differing from the
§-function, o(v, t') decreases monotonically with an increase in t'.

Using equation (4.14), it is also possible to show that for a probability of
energy exchange between the ions wm>>A, the induced emission cross section
does not depend on the excitation conditions and does not vary on damping of
the excitation of the ensemble of particles as a result of the luminescence
processes., :

Thus, the induced emission cross section in the active medium with nonuniform
broadening depends to a significant degree on the pumping conditions ard
evolution of the ensemble of excited particles at measurement time. Let us
consider the procedures for determining the induced emission cross section of
Nd3* which have become quite widespread; onme of them is based on using the
spectroscopic methods to determine the value of the integral cross section of
the laser transmission emission averaged with respect to the set of Nd

ions and the shape of the luminescence band, The induced emission cross
section is naturally calculated by the formulas similar to formula (4.13).

Secondly, the laser procedure is used to determine the relative variation in
the inverse population under the effect of tht laser pulse with known energy
density, and for calculation of o(v) expression (4.14) is used, )

It must be noted that a value close to U(Vmax’ ») {s determined by the
spectroscopic methods (vpyyx 1s the frequency of the maximum intensity of

the luminescence band), whereas_in the laser procedures, an effective cross
section 0.¢s=0(E) is measured (E is the energy density in the radiation pulse).
It will be demonstrated below that for a narrow-band signal having small
energy density and coinciding with respect to frequency with the peak
luminescence band intensity, 3eff(E)i o(v_.., t). Consequently, in accordance
with formula (4.19) oeff(o)ao(vmax, :?. Tﬁiﬁ fact is one of the causes lead-
ing to higher values of the cross section determined by the laser methods.
Another cause consists in the difference in the integration intervals with
respect to the spectrum: in the spectroscopic procedure thi integration is
carried out with respect to all transitions between levels "F3/5%%1;4 /53

in the laser procedure only two transitiong are actually considered--

between the Stark components of the state 2F3/2 and the lower components of

the level 4111/2.

1Here and hereafter & is the Dirac delta function.
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Under the effect of coherent emission, the distribution function p(A, v) and

the form of the luminescence band of the laser transition can be significantly
- deformed, which leads to dependence of o(v, t) on the energy density of the

emission, interacting with the inversé medium., Actually, with application

of the laser pulse of duration t;<<t (r is the lifetime of the state F3/2),

for which 1t is possible to neglect all processes, except the induced

processes, the density of the inverse population N(A, v, t) is defined by
the golution of the equation (4. 14)

N(A v 9=

Y : . "

= N(A v, O) exp{—a A y(v vyl (v, t)dv’dt} (4:2) (4.21)
Introducing the particle distribution function p(A, v) at the time of arrival
of the laser pulse and denoting by N;(0) the inverse population at the time
(that is N(A, v,O)-Ni(O)p(A v)), we convert equation (4.13) to the form

- . v -—vvv—-. [ .

e, t)—-‘[fc(v‘)?(v-v)N 03p (4, v')x
Xvexp{ o(A)j' {y(v,v;z(v' t)dv'dt}dAdv X'

“ fNi(O)n(A V)X (4.22)

-1
£ exp {~ o (4) fy j v, v (v, ) dv’d('] dAdv"] .
aY o

As we shall see, the magnitude of the induced emission cross section decreases
in the process of forced emission.

For description of the propagation of the emission in the four-level medium

with nonuniform broadening, a system of equations for emission intensity and
for population 1is used:

ar (v, t, ) T 1 ol (v, 1, 2) -
Ju c o

= (v, 1, T)

Oty i

o (4)7 (v, v) N (A, v, t) dAdV'—‘ﬁI (v, t. z). (4.23)
AY . .

AN(A. v, 1) _ ) i
at

=—a(AN (4, v, 1) S &, V), )8 +en(h V) p6(4, V) —
AY
" T : .2
—N@4, v, z)A+wn[Po(A- W | IN@, v ndddv—NA, t)]’ e
’ AYo . .

where I(v, t, x) is the emission intensity on a frequency v at the time t
in the cross section x, B is the loss coefficient.
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The efforts to determine pg(A, v), which is needed for solution of equation
(4.24) did not yield positive results, and therefore it 1s convenient to
introduce the effective induced emission cross section o ¢g which describes
the result of amplification of the spectrally nonuniform inverse medium.

If the rates of the induced processes are large, then by using equation (4.14)
it is possible to determine o ¢s as follows:

-

T (4.258)
;»’.~~0' °=-h—,:-ln—-_'i"(0)'-
Key: 1. eff

- N Do C e
where E'—*—;h‘V f S'I (V.; t) dvdt, Nf(O); is the initial inverse population of the
Y I R .

level 1‘F3 9 of Na+ » Nj(B) is the inyerse population after transmission of
the laser pulse with energy demsity E and duration ty:

e ¥ v reo

N.(E)=N.0 [ o4, x
Ty

4 ‘ -!‘(‘-4.). Y .“ v, ) v, v') tlvld-‘;} d"{df’f

Consequently,
U;q,¢=0’w°(E) ;‘%!n [5 j‘p(A, 'V)X . Vi
o 0 AY [

.

oo . . o -1 J
yl (v-’,"t) Vv, v) dv’dt'} dAdv]~ “
Key: 1. eff o

It is possible to show that __

~=u(v;,.t)= % a (@'m t) I @ty de.

‘, b"'Mx’(‘.’E! o)
€1y .0

Key: 1. eff

Under the condition ‘(hVo)"ﬂn(oSE)E‘(.L we obtain
-

Key: 1. eff

o0 B i ‘ (4.25b)
o B L Jod oty . vgadan,

Key: 1. eff
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where vy is the laser signal frequency. Thus, Ogfg(V, E) for low energy
density of the emission coincides with the induced emission cross section

for the luminescence band  not''disturbed by the induced processes. The
function oeff(v, E), being a characteristic of the laser material, at the

same time permits proper calculation of the amplification of the emission in
the active medium, Let us again consider the complete- system of equations
describing the propagation of the laser pulse in the four-level inverse mediumj
neglecting the luminescence processes and pumping, we have

Al (v, t,2) , 1 al(v, ¢ 0
dx +7 at

=Tt a) | [ oty v)N (A, v, ) dddv'—pI, 1, 2), (4.26)
) 0 &Y ‘ '

NAVD o) N (4, 1) j 7@, V)T, ) av'.

AY

Substituting the solution of the second equatiop in the first equation of
system (4.26), using the definition of Oof£(Vs E) and integrating the result
- with respect to time and frequency we obtain

oo T N (4.27)
- hvNg(0) {1 —exp ] — (hv)f_’l_ageﬂ (E)]l — BE.

Key: 1. eff

Equation (4.27) differs from the equations describing the .amplification of the
light pulse in the medium with uniform broadening [3] by replacement of

o (v) by ogeee(v).

The effective cross section o ¢g(v, E) can be expressed in terms of the ratio
of the intensities of the normalized luminescence bands on the frequency of
the laser pulse v before and after transmission of this pulse. The intensity
ratio is I .

Totvyaa
=y, (4.28)
{ by (4, v5) 44,

where p (A, vo) is the distribution function of the inverse population at the
time of arrival of the laser pulse, p.(A, \)0) is the same function after
passage of the pulse. Let us write solution of equation (4.26) in the
following form:

Ny )1 (4, v = Ny (©)p (4, v exp [~ aEAI()]

Here Ni(f:) is the inverse population after passage of the laser pulse,
o(A)=0A. Then
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N .
N““z) ™)
Y p(v")“p LA (4.29)
For Ueff(i) we obtain
B LI RSP L
0@ i S Y, V) I (v, ) dv'adt _
. ~ . . hv

"aW(E)= “A-og - —-E-lllvs .
W iy - (4. 30)

. 0 P .

~" v
= u(vo).-—-eﬁ lny,

Key: 1. eff
where A is a value of the veriable in the integration interval in (4.29).

The physical meaning of 6(\)0) becomes clear if we consider the behavior of
Oeff for small energies in the laser pulse. In this case Oegs (E)=0(vg),
that is, it coincides with the cross section of the induced emission of
the undisturbed luminescence band of the laser tranmsition; therefore

& (vg) =0 (vo) .

Let us note that the value of oeff(\), E) depends on the excitation conditions
and delay time of the laser pulse with respect to the beginning of the pumping
pulse in the same way as o(v, t) defined by formula (4.20). Figure 4.14

shows the values of oogs(v, E) for a number of types of glass obtained for
various time delays of the measuring pulse (energy demsity E on the order of

1 joule/cm?) with respect to the short (about 100 microseconds) pumping pulse1;
In silicate glass ion dispersion with respect to radiating probabilities of A
is clearly manifested. The picture of O ¢f#0 s (t) observed in phosphate glass
is explained either by the absence of the dispersion with respect to A or

by rapid (wm>>A) migration of excitation, which was noted in the studies of
energy transfer.

lThe experimental procedure for determining o(E) will be discussed in
§5. 3.
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Figure 4.14. The valueg of Oefg Obtained for different types

of glass on variation of the time interval between the end

of the pumping pulse and the time of measuring the cross section.
- The ratios o_¢¢ measured 100 microseconds after pumping to

Oeff measureﬁ 500 to 700 microseconds after pumping are plotted
on the y-axis,

Key:
1. o, relative units
2, LGS-I
3. LGS-7
4, LGS-6
5. t, microseconds
6. GLS-1

§4.5. Laser Methods of Determining the Induced Emission Cross Section

Effective cross section of induced emission can be calculated, measuring the
energy parameters of the laser with sufficient accuracy (lasing threshold,
energy of the induced emission for given amounts of pumping emergy above the
threshold), the resonator of which has known losses [428].

Ueff(vo) can also be found, defining the variation of the population of the
4F3/2 state of Nd3+ for generation or amplification of the light pulses of
duration 10~7 to 10~8 seconds. The variation of the inverse population can
be found by measuring the luminescence intensity frcm the metastable level,
for example, as a result of the transitions’ F Let us consider

B the two procedures for determining o(vo) in more deta{i

Knowing the inverse population corresponding to the lasing threshold of the
laser, the resonator of which has known losses, o eff(VO) can be calculated
by the formula -

ﬂ
0'- = . -
i, ?20“9 Nkmop;(z) . (4.31)

Key: 1. eff; 2. i, thresh

Ikor this pulse duration it is possible to neglect the variation of the
inverse population as a result of luminescent processes and pumping.
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SR NSAIE BF Ti
where I =gzlngm 4B are the losses on the mirrors and to absorption in
A MRR,

the active elements, % is the length of the active element, R; and R, are the
Ieflection coefficients' of the mirrors, Ni. ipyegn 18 the threshold Inverse
population. It can be found, measuring thé.- energy obtained by the laser for
different excesses of the pumping energy over the threshold energy. The
following simple relation is used here __
A

"""""""

{
t

o (1) S =. —"M))-' kogo! (1) e
g () ae)(-i=~i~ %W

Key: 1. thresh; 2, pump; 3. eff

Here €p is the pumping power, S is the area of the end of the active element,
EFepmpﬁEv) is the total number of particles excited to the metastable level
by pumping per unit time (inverse population), €u,.g =hv(€F)'1Ni thresh¥gV
is the pumping power spent on maintaining the thresﬁo‘id populatiox’x in the
active element during lasing of the laser, kI is the photon density inside the

AR,
reﬁonator s ke = iTﬁRa" YWy -

is the probability of the luminescence pfocesses.
Performing the substitution in (4.32), ceff=thVw2/ EFE hresh and performing
the corresponding algebraic transformations, we have

I e S A MR i e
. bl () 8= EF (g — Egop) — 3EFEaop:
Key: 1. pump; 2. thresh
where a=1/(kIL).

Integrating the last expression with respect to time, we obtain the equation
relating the emission energy, lasing threshold and pumping energy:

' ’,‘()5. TN
X = 1——"51 o). . . (4.338)
: ("1)_(2‘[ ""(2)-();“.'.F ?]_'.
Key: 1. i; 2. pump; 3. threshold

Since the intensity of the emission ILN I(t) is proportional to €, (t),
using a photomultiplier and oscillograph to record the kinetics of this
emission and the lasing kinetics, it 1s possible graphically to define the
integral

——

2y :

‘ 4,33b
-frmae= Fa (4. 3%)
Key: 1. pump oot

where ty and t, are the times of beginning and end of lasing, k is the
proportionality factor. Inasmuch as I(tz)aKethreSh’ then KWthresh=I(t2) (tZ-tl).

If we perform measurements of Wi for different pumping energies it is possible
to define, using the equation
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R © ( ) .
' 7/)»\:(1‘{1&1")3[(1)(1‘ 1—-.{.%‘:)__&’___-—‘1)(1_}“) ,
Jh ' 1(t)dt
| j

(4.33c)

the coefficient (K_]'EF), to calibrate Wiy .. in joules, and €.,y in watts
(or in number of photons per second) ana tleuen by formula (4.31§ to

calculate Ny and o,¢¢. The necessary measurements of the ratio

Wthresh/Wpum can also be insured by varying the reflection coefficient of
the output mirror and keeping the pumping energy constant.

The theoretical disadvantage of therinvestigated procedure is variation of
the spectral composition of the ILN emission and the induced radiation cross
section as a result of broadening of the spectrum of the laser emission with
an increase in pumping energy.

The procedure for determining the effective emission cross section using a
recording of variations of the inverse population and intensity of the Nd

ion luminescence for generation or amplification of light pulses was developed
in references [117, 442, 443]. The layout of the experiment for determination
of 0off 158 quite simple. An inverse population is created in a sample of
1‘ld",""-doped glass. When the maximum inversion is reached, a sounding laser
pulse is fed to the sample. The luminescence of the Nd3* ions and its varia-
tion are observed in small volumes of glass located at the entrance or exit
end of the sample with respect to the sounding pulse on a wavelength of

880 to 920 nm. The energy in the laser pulse is measured simutaneously. The
value of goff is determined by the formula (4.25a). Obviously in order to
insure the required accuracy of the measurement O,¢g, which depends only on
the error in determining AN; and the pulse energy, it is necessary that
ANi>2N0exp{—AE/kBT}(6Ni)-1 {GNi is the error in determining the variation of
the inversion), the intensity of the sounding beam must be uniformly dis-
tributed with respect to cross section, and the beam itself must completely
fill the cross section of the sample.

In reference [443], Ooff Was measured as follows. The excitation of the
active element (10 mm in diameter and 130 mm long) was carried out either by
a IFP-1200 type pumping tube in a single tube illuminator or by the emission
of a ruby laser operating in the monopulse mode or in the free-running mode
(Figure 4.15). On excitation of the ILN sample, the luminescence at =880 nm
was observed at a small angle to the direction of propagation of the sounding
- pulse from the direction of the exit end. The primary contribution to the
observed luminescence, as the measurements demonstrated, is made by the part
of the active element 1.5 cm long. In order to avoid spurious exposure to the
ILN emission, when the maximum inversion is reached, the capacitor bank is
shunted by a discharger, and the laser sounding pulse arrives at the sample
100 microseconds: after cutoff of the current in the tube. The sounding pulse
50 nanoseconds long with respect to the base with a spectral width of less
than 20 nm was generated by a laser and the laser amplifier. A uniform beam
with respect to intensity, 10 mm in diameter was formed by a telescopic
system with diaphragm. The emission energy was measured by an IKT-I1M or
IMO-2 calorimeter and if necessary it could be varied by using neutral light

filters.
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Figure 4.15. Diagram of the setup for measuring o_...
1--neodymium glass master oscillator, 2~-laser ampﬁfier-,
3—-1light filters, 4, 5--telescopic system with diaphragm,
6--investigated semple, 7--~dielectric mirror with transmission
coefficient for A=1060 mm -equal to 80% and reflection
coefficient for }=693 nm equal to 1007, 8--ruby laser,
9--monochromator, 1l0-~photoreceiver; 1ll--light filter,
12--photocalorimeter.
Key:

a. I2-7

b. S1-37

c. FEU-62 photomultiplier

On excitation of the sample by the emission of the ruby laser luminescence is-
observed from the layer less than 1 mm thick from the entrance end perpen-
dicular to the direction of propagation of the laser emission. The direction
of propagation of the ruby laser emission was combined with the direction of
propagation of the sounding pulse using & system of prisms and dielectric
mirrors transparent for A=1060 nm. The diameter of the neodymium laser beam
was always equal to or somewhat greater than the diameter of the beam of
emission with A=693 nm.

The emission with A=880 nm was recorded by means of an MDR~2 monochromator,
the FEU-62 photomultiplier with cathode repeater and storing S1-37 oscillo-
graph. The time resolution of the systemwas 0.2 microsecond. The results of
measuring o sy agreed for the two methods of exciting the sample.

The authors of reference [117] determined Oof by measuring the inverse popu-
lation and the gain in the glass. The inverse population Ny on the meta-
stable level of Nd3* was found by varying the intensity of the luminescence
on amplification of the monopulse and the increase in energy of this pulse.
Since the intensity of the luminescence I is always proportional to the
level population, then

R

N ol (4.34)

Key: 1. 1
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where AW is the increase in pulse energy, I, AI is the luminescence intensity
before passage of the pulse and variation of it, vg is the frequency of
induced emission, V 1s the volume of the sample. The effective cross section
of the induced emission was calculated by the formula

(4.34a)

Key: 1. eff

where { is:.the amplification length, Ky is the gain _of the weak signal

related to the experimentally measured gain - K_Xng"*"Ar
~ " Wnp |

by the expression

T T
Kook
el

U ST

[i + (& — 1)_;;‘.',0' Do ,’].' ) (4.34b)

The last expression was obtained by expansion of the complete solution of the
equation of pulse amplification (4.27) for (hv)"lceffEd.

The variation of the value of I with respect to length of the active element
as a result of amplification of the sounding pulse leads to errors in
determining the inverse population and emission cross section. Analysis shows
that for Kg<l.5 the error in the value of Ny does not exceed 5% for any energy
of the sounding pulse. The required magnitude of Ky for the given pumping
conditions is achieved by selecting the length of the excited part of the
active element. .

The authors of the indicated paper characterize the energy efficiency of the
laser material by maximum energy W,, which can be converted to induced
emission by a unit volume of active material under given pumping conditions:

Tozin [z lah e

Key: 1. 1

For the ensemble of particles which is uniform with respect to the luminescence
output, this value is proportional to the total number of ions excited during
the pumping pulse. In the presence of ions with short 1, (for example, close
pairs or groups of ions), their contribution to Wgp is negligibly small.
Therefore among the glass with identical spectral characteristics the sample
with noticeable proportions of ions with small Ty will be distinguished by
smaller values of Wy.

§4.6. Value of the Effective Cross Section of the Induced Emission of Nd3H
in Phosphate Glass

Systematic measurements of o f(ﬁ) for phosphate glass were performed by the
authors of references [117, 223]. In [443] results are presented from
measuring oggf(E) for glass of the type LGS-40, LGS-I, LGS-M, GLS-22, and
also for a number of types of glass based on the metaphosphates of the
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second group on variation of the -energy demsity in the laser pulse from

1 to 10 joules/cmz. For comparison a.study was--made of silicate glass type
GLS-6 and GLS-1. Figure 4.16 shows the relations- for N;(0)/Ne(E) as a func-
tion of E for different glass for durations of the sounding pulse equal to
50 nanoseconds and 6 microseconds. In all cases the behavior of the ratio

Mol HAE

gy (EN10Pcm? " (1)

rac-24a8)  (3)

Fbractaznngd)

. r/"l“?‘(”‘_') \
o 0.
é Wﬂ#j (6)
Z75 L ] l—-?. .
RN .
. Coe E, Awjcmé
T R S Gt @
4 Edwjcw? (1
Figure 4.16, Ni(O)/Ni(E) as a Figure 4,17, aeff(E) for different
function of energy density in types glass.
the amplified laser pulse for Key: .
different types of glass. 1. gefg(E), 10720 em?
DI--laser pulse lasting 6 micro- 2, E, joules/cm?
seconds, MI--lager pulge of 50 3, GLS~24 (DI)
nanosecond duration 4, GLS-22
Key: 5. GLS-24 (MI)
1. E, joules/n::xn2 6. GLS-1 (MI, DI)
2, GLS-24 (DI) 7. GLS-6 (MI, DI)

3. GLS-22, GLS-24 (MI)
4, GLS-1 (MI, DI)
5. GLS-6 (ML, DI)

N;(0) /N (E) is described by linear functions. Increasing the pulse duration
while retaining its energy does not lead to noticeable variations of this
ratio in silicate gldss, but in phosphate glass the values of Ni(o)/Ni(E)
for t;=6 microseconds are significantly larger than for t;=50 nanoseconds.
In Figure 4.17 relations o ¢f(E) are presented which were calculated by
formula (4.25a) using experimental data presented in Figure 4.16. All of
the curves og¢s(E) for ti=50 nanoseconds are approximated well by formulas

of the type
R . . '
K
Key: 1, eff
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where 0(0) is the induced emigsion cross section determined by the slope of
the functions Ni(O)/N (E) for B approaching zero.

Table 4.9 gives the values of 0(0) and also values of o_.(E) for EX1.5 joules/
cm? for a number of types of phosphate and silicate glass. The observed
relations of o (E) can be caused by the following factors: deformation of
the shape of tﬁe luminescence band of the laser transition of Nd3* ioms,

degeneration of the four-level amplification system to three-~level, the
simultaneous effect of both effects.

Table 4.9

0(0), Oofs (E)
Type of glass " '10~20 em? = 18"50 cm?

Silicate

GLS-1 2.5
GLS-6 1.5
Phosphate

LGS-40 5.5
LGS-I 3.5
LGS-M 4,6
GLS-22 4,2
In reference [418] it was demonstrated that the magnitude of the 1‘111/2 level
relaxation time, both in silicate and in phosphate glass, is less than

2.10-9 second. According to the data of reference [412], the rate of non-
radiating excitation energy dissipation in phosphate glass is higher by
several times than in silicate glass. Therefore with a sounding pulse dura-

tion of about 50 nanoseconds, it is possible to neglect the degeneration of
the four-level amplification ayst to three-level

e T g e e
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a7y @)

T /1‘}50"53 iy am (B
. c
Figure 4.18. Luminescence spectra of GLS-1 glass (a), GLS~22
(b) and LGS-40 (c) before (1) and after (2) passage of the
laser pulse
Key: A. A, nm
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; In order to determine the dgﬁree of correlation between the deformation of
the luminescence band of Nd”" and the function obtained o ¢f(E), the
luminescence band curves were recorded after passage of the laser pulse.

The spectrum was recorded with a -time delay with respect to the laser sounding
pulse from 3 to 100 microseconds. The scanning time in the entire spectrum

was 10 microseconds. The spectral resolution of the-spectrophotometer was

€10 em1, Figure 4,18 shows the luminescence band curves for silicate glass
GLS-1 and phosphate glass LGS~40 and GLS-22 before and after passage of the
laser pulse obtained at room temperature and with a delay time at the
beginning of recording of the spectrum approximately equal to 3 microseconds.
In silicate glass the deformation of the curve is significant. In LGS-I
phosphate glass the deformation of the curve is noticeably less, and in

LGS-40 glass the curve is close to equilibrium, Observation of the kinetics
of restoration of the equilibrium curve of the luminescence band gives low
false correlation rates: for silicate glass these rates are equal to

(0.5 to 1)x104 sec™l; for phosphate glass GLS-22 and LGS-I, on the order of
10°-106 sec~l, and for LGS-40, obviouslz greater than 106 sec~l. The deforma-
tion of the luminescence band of 4F3/2+ I /2 was not observed in either type
of glass, which is explained by absence og a correlation between the nonuniform
broadenings of the Stark components of the 419/2 and 4111/2 levels.

In silicate glass, the deformation of the curve for the luminescence band of
the 4F3 2*41 o transition, according to the calculations by formula (4.30)
correlates wi%é variation of o_..(E). Consequently, in these types of glass
nonuniform broadening makes the basic contribution to the observed functions
Oofg(EY. In phosphate glass the deformation of the luminescence band is
significantly less than that which is required to match the deformation with
the decrease in ceff(E) with an increase in energy in the laser pulse. This
effect and the increase in og¢£(E) which is observed in phosphate on varia-
tion of the pulse duration from 50 nanoseconds to 6~10 microseconds can be
explained by rapid transfer of excitation between the Nd3+ jons or the quite
large (about 50 nanoseconds) lifetime of the levels 41 1/2* The latter prop-
osition contradicts not only the previously presented éaéa,~but also our
experiments. The variations of the dependence of Ni(0)/N;(E)on the pulse
duration cannot be matched with each other by varying only the value of T,.
On the contrary, introduction of the term describing the excitation migration
into the equation (4.24) CwM~105-105 sec—1) for Ty <<1{=50 nanoseconds, gives
the required increase in the effective cross section and explains
noncorrespondence between the relative deformation of the luminescence band
of the laser transition and the measured values of ceff(E). This effect is
connected with noticeable relaxation of the deformed curve to the equilibrium
curve during the relaxation time inasmuch as the minimum delay time of the
beginning of recording with respect to the sounding pulse was about 3 micro-
seconds, and the recording of the entire spectrum took place in 10 micro-
seconds.

The discussed experimental data indicate that in phosphate glass the effective
induced emission cross section depends on the probability of this emission:
on satisfaction of the conditions

S wle@E

o 408 o1
7 > Wu 10%¢
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we have o by 1'*1 _1“(0)F]
‘.’n(dif)(.E) == n| Tl-(W) *1s

Key: 1. eff

(hv)~Lg () B

and for 'i - € Wy we obtain

. C aaef)“—" a(0).
Key: 1. eff

In intermediate cases with a magnitude of this ratio on the order of wy,

the exact value of o (E) must be determined beginning with the complete
solution of equationefﬁ.llt). As an approximation it is possible to take the
values obtained for t ;26 microseconds. ’

§4,7, Amplification of Laser Pulsés in Phosphate Glass Doped with Nd3H Ioms

The equatipns describing the gain of the laser pulse on propagation in a
linearized inverse medium have the form

Ta oi , ! (4.37a)
wtTa =(01\2ul')",§)1,

‘%’!}'n_aN.J—N.}. (4.37b)
‘ (1) .

Key: 1

Let us assume that the pulse duration is much greater than the equilibrium
setup time between the excited laser ions and the medium, but much less than
the characteristic pumping time. In the case of interest in practice where
t{<<t,, the variation of the inverse population after transmission of the
pulse 'is determined by the emission energy passing through the given cross
section of the active element:

. r'lNif j?”fi;_@) exp [i".“,fél 10,2 dt’]. | (4.38)
The system of equations (4.37) has quite simple analytical solution only
under the condition of B=0, that is, in the absence of inactive absorption
[438]; then '

I(z,1) = L Mo o (4.39)

t—x/c

{— {'1 ~lexp [a?Ni (,,)"d,r]} oxp {-— g é‘ Ia(tr)dtv}

P
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3 E@)=hy [ Fe st =F0) +hv | Mds +

[

] ‘,'._'v-:'.‘_‘.. .. v",‘-’ x. ,.
+ -f;-lp [1 + exp ((v)~? oF (0)]'(9'xp g (— s' Nidz)— 1)]
. T N R (4.39b)
The latter equation is easily converted to the form convenient for the calcu~
lations:

! (4.39¢c)

et

Ko@) = (oxp (70 (@)1 — 1)texp ()0 O — 1)1,

x
where Ko@) = °’fp (“é. ]!e.dx) is the weak signal gain.
The inverse medium is called idealized, for a number of factors are not con-
sidered in the gain equations. The factors not considered include the
presence of Stark structure of the levels of the ions interacting with the
emission, nonuniform nature of broadening of these levels in glass. It is
also proposed that the lower laser level is not populated in the induced
emission process, that is, the time of its destruction T¢=0, although it is
known that in laser crystals and glass T£=10—8 to 10~10 sec, and it depends
on the magnitude of the energy gap between the ground state and the lower
lager level of the phonon spectrum of the crystal or glass.

Let us consider what changes in equations (4.37) consideration of the indi-
cated factors leads to., Obviously, equation (4.37b) is converted to a system
of equations for populations of the Stark components which consider the setup
time of the Boltzmann equilibrium between the components of the same level

and the equilibrium setup time between the lower laser and ground levels.
Inasmuch as the setup time of thermal equilibrium between the Stark components
of the level on the rare earth ions is < 10~12 gecond, it is possible to
consider that for generation or amplification of pulses lasting more than
10-12 gec the Boltzmann distribution of the populations of the Stark components
is not disturbed. 1In this case, the presence of the Stark structure of the
upper laser level can be considered by introducing the averaged induced
emission cross section with reapect to transitions (for example, similarly to
how average was done in §4.4), Let us note that the same magnitude of cross
section is obtained from the previously described experiments in determining
the induced emigsion cross section of Nd3t,

Whereas some of the Stark components: of laser levels do not participate
directly in the induced emission (o(v_.)=0 for all transitions between these
components) they play the role of the "reservoir" influencing the population
of the components participating in the induced transitions.

The discussed arguments make it possible to reducé the system of equations

for populations of the laser level components to the system of equations for
integral population of these levels:
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dn,, :
d‘ _ —of (A XN I)v
: N —N? (4.40)
=5 =01 (Nm — xN) bkl :
- (4.41)
. where x is the ratio of the populations of the components participating in

forced transitions to the total population of the lower laser level,
g=N02exp[-AE£/kBT] is the equilibrium population of this level. Here itiis
assumed that N <<N, and significant variation of the population of the
ground state on excitagion does not take place.

Let us consider two limiting cases: amplification of the short laser pulse
ty<<T, and amplification of the pulse of duration ty>>7,. In the first
case thermal destruction of the lower laser level in the time t4 can be
neglected. Then S

Nj H_x[JF exp [-— (hv)-'aE (X+ 1)]]1v (), (4.42a)

where N; (0) is the initial inverse population of the metastables level.

For neodymium-doped phosphate glass x~0.45; for neodymium silicate glass
x=0.6 if we consider in accordance with [202], that the induced emission is
participated in only by two Stark components of the 4111 o state. From
formula (4.42a) it follows that in phosphate glass on amplification of a
shart laser pulse, more than 70% of the excited Nd3 ions can be involved in
the induced emission, and more- than 60% in the silicate glass. With a
classical three-~level gain (where the laser levels are assumed to be singlet
levels) this value is 50%.

For ti>>T1 we obtain the usual soluticn for the four-level laser system:

T

‘ 'N (0) exp 1—' (hv)" oF). (4.42b)

In the intermediate cases ty~T,, it is necessary to solve the complete system
(4.40), (4 41). According to the measurements performed in reference [418],
Ty<2e 10~9 sec, and therefore the effects of degeneration of the four-level
system must be noticeable for ti~10‘9 sec and radiation energy densities
E>hv/o(x+1). The indicated energy densities for ti'10'9 to 10~10 gsec are
achieved in the output amplifying stages of the laser units designed to
obtain a thermonuclear plasma. The measurements of 1, for glass produced by
USSR industry were taken by various methods [418, 444, 445]. In [444] the
relaxation time of the I level of Nd3* in phosphate glass LGS~40 was
determined by comparison o% the "clearing" of the inverse population during
generation of pulses of duration 3- 10~8 gec with different energy with varia-
tion of Ny calculated for the four-level system under the assumption of
uniform broadening of the spectral band, The difference between the "clear-
ing," defined experimentally and calculated was considered the consequence
of the appearance of noticeable population of the lower laser level. The
value of T, was estimated by the difference between the experimentally found
- variation of Ni and that expected for the four—level system, Forr LGS-40
glass, Tp=3. +10~8 sec.
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The more direct method of measuring the relaxation time of this level in the

glass 1s based on determination of the variation of the gain of the weak

signal after passage of a powerful laser pulse of duration 5¢10~11 gec
- through the amplifier with spectral width of 0.1 nm [445]. The authors
considered that variation of the gain is caused only by relaxation of the
4111/2 level, although the pulse gain must be accompanied not only by
redistr bution of the'population with respect to Stark components of the
states and I » but also the deformation of the curve of the non-
uniformly roadened uminscence band of the laser transition. According to
their Reasurementa T for GLS-1 and LGS-40 glass is (10+5):10~2 and
(30+15). 109 sec, respectively,

In [418], the value of 7, was determined by the following procedure. The
thermally equilibrium population of the lower laser level is about 10~%4 of
the population of the ground state neodymium. In standard laser glass at
T=300 K this population corresponds to the absorption coefficient of A=1060 nm
on the order of 5°10™% em~l. In spite of such weak absorption, on irradiation
by a laser pulse with a wavelength A=1060 nm the population of the metastable
_ level increases, reaching in the limiting case, for large energy densities of
the pulse, the population of the Stark components of the 4111/2 level partic-
Zpatinginthe absorption. It is obvious that the maximum population of the
F3/2 level components will be equal to the thermal equilibrium population
of the two lower components of the 4111 level for t{>>1,. However, for
- pulse duration of ti<t, the maxizum populations of the 4F3/2 level and
corresponding components of the level will be less than the thermally
equilibrium population. If it is coésidered that the Boltzmann equilibrium
between the Stark components is set up instantaneously and t <Tgs then depend-
ing on the specific layout of the laser levels the limiting population of the
states "F3/p will be 1.5 to 1.7 times less than that observed for tj>>t,.
The increase in the 4F3/2 level population can be monitored by luminescence,
for example, on A=880 nm,

Here the relations for the population (and luminescence intensity) of the
4F3/2 level as a function of the energy of the exciting pulse for the indi-
cated relations between tj and vy also differ noticeably, and the nonuniform
nature of broadening of the spectrum of the Nd3* ions has no significant
influence on the observed relations. Consequently, by varying the duration
and the energy of the laser pulse and comparing the observed increase in
population of the 4F3 2 level with that calculated for different ratios of
ti and 1y, it is possible uniquely to define the relaxation time of the 4111/2
level. As the experiment shows, in glass of the, type GLS-1, LGS-247-2,
- LGS-40, LGS-I and GLS-22, the dependence of the 4F3 9 level population on
the energy of the laser pulse of duration 3. 10'8 sec does not differ from
the four-level at the energy density for which oE=1.5 joules. According to
the calculations, in this case T, can be less than 2. 10~9 sec. In reference
[446], a direct measurement was also made of the restoration of the gain
of the lager amplifier using ED-2 silicate glass after passage of the pulse
of 1.6 nanosecond duration. The energy density in the laser beam at the
entrance of the amplifier was 2 joules/cm » the gain of the weak signal was 7.
On interpretation of the experimental datsa, the system of kinetic equations
describing the behavior of the 4F3/2, 41 11/2 and 19/2 level populations of
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neodymium and the laser pulse gain were used. The absorption from the

4!’3/2 level was also considered. The best agreement between experiment and
calculation was obtained under the following conditions: absorption from the
metastable level absent, degeneration of the levels participating in the
induced transitions absent, t7,=(1.25+0.2) nanosecond.

As was demonstrated in §4.1, the influence of nonuniform broadening in the
energy spectrum of Nd”" ions on the gain of a laser pulse can be considered
by introducing oeff(E). The formula based on the experimental data is used:
~ e (E) = 2 In (1 + 0 (0) E (hv)-1). (4.43)
(1) Iy
Key: 1. eff :

For t,>>t1,, the equation describing the gain of a laser pulse in neodymium
2lsss has the form

) _ ol (2) [ — oxp (— (k) o (B) E ()] — pEle) = °
) . o / (4.44)
S SO EE )t o
Key: 1.4 "?{f’?awwmy) oyt PE@

In accordance with the solution of this equation the gain is defined by the
expression

e Ik, . Ink,—(hv)" o (0) E(0) pix
InK =InK,— 1-——")1 o —
" ] n %o ( [ In K, — (hv)~* 0 (0) E (0) Bl (4.45)

where Ky 1s the gain of the weak signal, E(0) is the energy density in the
laser pulse at the entrance of the amplifier, % is the amplifier length.

It is easy to see that equation (4.44) coincides with the equation_for the
gain for a laser medium with uniform spectral broadening for (hv)~LoE(0) <<1
or (hv)-1l0E(0)>1, The relations K(Einp) for certain values of Kp(e, 10, 25)
for B=0 are presented in Figure 4.19. Here relations are presented

i - v e e
K (B) = o 1+ Ko (exp () 10E (0)] bl e

where ¢ is not a function of the energy flux density. The noted differences
in the gains are manifested for quite large K; therefore in multistage .laser
systems based on glass consideration of the influence of the nonuniform
broadening. is necessary.
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'Figure 4.19. Gains of a laser amplifier considering (solid
lines) and without considering (dotted lines) nonuniform
broadening for values of the gain of the weak signal equal
to e, 10, 25 and 0(0)=5.5%x10-20 cm2,
Key: .
_ 1. Eqnps joules/cm2

§4,8, Lasing Characteristics of Neodymium-Doped Phosphate Glass

- A distinguishing feature of phosphate glass doped with neodymium is signifi-
cantly more narrow lasing spectra than in silicate glass. This fact was

given attention in references [123, 354]. The results of investigating the
dependence of the lasing spectrum width in a confocal resonator on the ratio
of the pumping energy to the threshold energy for phosphate, borophosphate
and silicate glass are presented in Figure 4.20. The LGS-40 glass (phosphate
alkali giass of metaphosphate composition) has the most narrow lasing spectrum
of all known types of glass—-with a tenfold excess of the pumping energy over
the threshold, the lasing spectrum width does not exceed 0.2 nm. The lasing
spectrum of the borophosphate glass LGS-41 (0.4 nm} is somewhat broader.

For silicate glass LGS-28, its width reaches 7 nm under the same conditions;
this value is typical of silicate glass. In a flat cavity the width of the
lasing spectrum is appreciably greater than in the confocal cavity (Fig 4,21).

Another characteristic feature of phosphate glass is the high gain [123].
The gain as a function of emergy demsity of the entrance of the amplifier for
phosphate glass LGS-40, LGS-41, LGS-I-3 and silicate glass LGS-28 is pre-

- sented in Figure 4.22. With a weak signal the gain is 16 for LG5-40 glass,

it is 12 for LGS-I-3 glass and 2.5 for LGS-28 or the gain is equal to

0.28 (LGS-40), 0.19 (LGS-I-3) and 0.07 cw~l (LGS-28), respectively (rods

10 mm in diameter by 130 mm; pumping 80 joules/cm3).
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Figure 4.20. Width of the lasing spectrum as a function of
pumping energy in a confocal resonator
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The causes of narrow-band lasing in phosphate glass at the present time are
considered to be a magnitude of nonuniform broadening less than for silicate
glass and uncorrelated Stark splitting of the working levels [447]. Investi-
gation of the time development of the lasing spectrum shows that in silicate
glass the splitting of the lasing spectrum occurs by a prmping energy exceeding
by one and a half times the threshold, and in phosphate glass LGS-40,

| splitting does not occur even for thirty-fold excess over the threshold,

4 . s R
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Figure 4.21, Lasing spectrum width as a function of pumping
energy in a flat cavity.

Key:
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Direct measurements of the inverse population of the working level 4F3 /2

and the induced emission cross section made it possible to explain the

large gain [117]. It was discovered that although phosphate glass has lower
luminescence lifetime than silicate glass, the phosphate glass is not inferior
with respect to magnitude of inverse population and essentially is superior
with respect to induced emission cross section. The energy stored in the
inverse population of the Nda>* ioms usually is 0.7 to 1.5% of the energy fed
to the pumping tube. At the same time, such glass is noticeably superior to
silicate glass with respect to total excitation energy, that is, the total
number of Nd3* ions excited to the "F3/2 state during the pumping pulse. The
combination of all of these properties determines the low lasing threshold
and high efficiency of phosphate glass in the free rumning mode [167, 431].
Table 4,10 gives values of the induced emission cross section for laser phos-
phate glass produced in the Soviet Union and abroad.

By varying the glass composition it is possible to change the induced emission
cross section and lasing wavelength, just as the position of the maximum
luminescence band and its halfwidth. This is indicated by the results of
references [167, 431], where a study was made of the dependence of the lasing
spectrum width and magnitude of the cross section on the composition of the
glass. From the data presented in Figure 4.23 it follows that increasing the
BPO; content in metaphosphate alkali glass leads not only to broadening of the
lasing spectrum, but also to a decrease in the induced emission cross section.

~ ok Tareso (2)

T

.a

$r _arc-28(5)
‘ ) T 1 I n
CSwd, et w7

E pw/cwt (1)

Figure 4.22, Gain as a function of energy demsity at the
entrance of the amplifier

Key: .
1. E, joules/c:m2
2. LGS-40
3. LGS-I-3
4. LGS-41
5. LGS-28

In glass based on phosphates of the elements of the second group, the magnitude
of the cross section can be regulated by cation substitution [431]; whereas

for magnesium metaphosphate the cross section is 1.8:10~20 cm®, on tramnsition
to barium, a smooth increase to 3.10~20 em? is noted. The lasing spectrum
width Alj.g. for such substitution of cations is constricted from 2 nm for

Mg to 0.4 nm for Ba (the data for all the alkali earth metaphosphates are
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presented in Table 4.3 [432], Teble 4.11 [430], and Figure 4.24). Whereas
the constriction of the lasing spectrum can be explained by a decrease in
nonuniform broddening of the Mg-Ba series, this is explicitly inadéquate
for the explanation of the growth of the induced emission cross section;
obviously, on replacement of the cation, an increase in resolution of the
lasing transition takes place.

Table 4.10

Type of plags §,1020 w2 - Type of glass ' o, 10720 cm?
GLS-21 3.9 LGS-56 2.9
GLS-22 3.9 1GS-42 2.8
GLS-23 3.9 LGS-I 3.0
GLS-13 3.9 LGS-M 4.0
LGS-40 4.3 LHG-5 3.9
LGS-41 2.6 LHG-6 3.7
LGS-54 4.3 LHG-7 3.8
LGS-55 3.3

Data of [47] and measurements by the authors.

Table 4,11 .

Cation “"la'E"e:
Mg 20
Ca 09
St 04. .
Ba. 04
Zn. 0.8
T E 0,5
P 04

N--maximum inverse populafion; Wo——excitation energy (energy per unit volume
of the total number of Nd”" ions excited during the pumping pulse);
o--induced emission cross section

The nature of narrow-band lasing of phosphate glass has been investigated
inadequately at the present time. One of the primary factors influencing the
spectral width of the emission of a free-running laser is narrowness of the
luminescence band of the laser transition (the gain curves). The broadening
of the luminescence band of this transition with variation in the composition
of the glass has a negative effect on the selective properties of the gain
curve, and it leads to noticeable broadening of the induced emission spectrum
[432]. Another factor is comparability of the excitation migration rate with
respect to Nd3+ ions for concentrations of 2:1020 cm~3 with the destruction
rate of the working level under the effect of induced emission. In niobium
phosphate glass, a noticeable broadening of the: lasding spectrum was noted

for a reduction in the Nd3+ concentration to 5.1019 cm=3,
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Figure 4.23. Induced emission cross Figure 4,24, Width of the lasing
section in glass of the system spectrum as a function of halfwidth
(90-x) NaP03-xBP04-10 MgO as a of the luminescence band in glass
function of composition of the Mé(P03)2-A1(P03)3 system
- Key: Key:
1. 7% by weight 1. AMjgges nm
- 2, mm

Higher values for the induced emission cross sections were obtained in
reference [395]. Table 4.12 has the results for zero energy demsity of the
sounding pulse and density of 1.5 joules/cm?.

Judging by the results of measuring the magnitudes of the induced emission
cross sections, silicophosphate glass is an extremely prospective material
for lasers.

The magnitude of the induced emission cross sections, according to our
- measurements using the spectroscopic [441] and laser [117] procedure is
(2.6-4).10-20 cm2,

Attention is attracted by high resolution of the laser transition (o=(3-4)-
+10-20 cm2, although the halfwidth of the luminescence band in this glass

is also significant (20 to 23 mm). Broad luminescence bands and, conse-
quently, absorption bands must promote more complete use of the light of the
pumping source, and a high magnitude of the induced emission cross section
must reduce the threshold pumping energy.

On a number of laser models 10 mm in diameter by 130 mm obtained from a small
volume of glass of low optical quality, an efficlency exceeding 2% in the
free running mode was easily achieved.

Data on the induced emission cross sections obtained by the spectroscopic
method for a number of mixed metaphosphates of alkali and alkali earth ele-
ments and neodymium are presented in Table 4.13, For alkali metaphosphates
the cross section is on the average 3,0 1020 cmz, and it depends weakly on
the type of cation. For alkali edrth metaphosphates, its magnitude is some-
what lower, Data are presented in Table 4.6 [436] for glass containing
aluminum, indium, yttrium and lanthanum.
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The measurement of the cross section by the lasing procedure for neodymium
pentaphosphate (Nd203'5P205) gave a value of 2.2:10-20 cm2,

Table 4.12 |, e

L ) (-E.w—zo 2
- Catiom. ’ ) .
Fe0 . |F=1,5 joule/cmd

. Mg 25 . 2,8

Ca 3,0~ 2,7

. Sr 32 2.8

. Ba " 3,5 3,1

" Zn 30 | 21
coceds | me s g

Glass composition in molecular %Z: 87.5% (P03),, 12.5% (A150,).

Table 4.13

*. Composition 6,10 “Tcu

LiPO,-Nd(POy)y

NaPO.‘Nd PO,)' .
KPO,+Nd(PO,)
SeP8ys iy,
al .

Ph(BO.Js NA(POw,

Lasing on glass with.high neodymium concentration can be -obtained for small
sizes of the active element. Thus, for plates made of potassium neodymium
glass LGS-K, 500 microns thick -with longitudinal pumping by the second
harmonic of a YAG laser, the threshold pumping emergy was 700 microjoules
[229]. Lasing was realized also on lithium neodymium glass [225].

In order to obtain a lasing effect with tube pumping, we used an element

10 mm in diameter by 130 mm made of pentaphosphate glass with the composition
%Nd9043(1-x)Lag0,:5P,05 containing 8% by weight Ndy03. For a pumping emergy of
800 joules, an efficiency of 2% was achieved.

The measurement of the inverse population and excitation energy for glass
of this composition demonstrated that at least up to 8% by weight Nd,0

the excitation energy increases as the square root of the neodymium concen~
tration. For ordinary multicomponent glass the excitation energy growth
stops with significantly less activator content [117],

As has already been stated, the concentration quenching of the neodymium in
the glass is accompanied by a strong drop in luminescent lifetime and quantum
yield of luminescence as the neodymium concentration increases. The data
presented in reference [117] for the measurements for borophosphate glass
LGS~41 and LGS-42 demonstrated that beginning with some concentration Nd3+,

a decrease in the excitation energy is noted. It was found that for micro-
nonuniform glass the critical concentration is less than for uniform. The
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Figure 4.25. Lifetime 7, inversion density N, excitation energy
density Wy and proportion of nonluminescing ions D as functions
of the Nd,03 content., -
Dotted line--LGS-42 glass, solid lines--LGS-41
Key:

1. 71, microsecond

2. N, percent by weight

3. Wg, joules/cm3

4, N, percent by weight

same effect occurs in silicate glass. The authors of [117] relates to the
formation of close groupings of neodymium-ions with zero quantum yield of
luminescence (pairs, triplets, and so on), the number of which increases
quickly with exceeding of a critical concentration (Figure 4.25). From the
obtained data it follows.that the number of such associates can reach 40%
of the total amount of neodymium., However, in reference [366] it is proved
that in KGSS-1621 glass at least-to aneodymium concentration of 2.1 molecu-
lar %, proportionality is retained between the quantum yield of the
luminescence and the luminescence lifetime.

Study of the influence of water demonstrated that its presence does not lead
to decrease in excitation energy, that is, each neodymium ion retains the

- capacity to luminesce, but the luminescence density decreases as a result of
shortening of the lifetime [117]. An analogous result was obtained by the
authors of reference [448].

§4.9. Free-Running Phosphate Glags Lasers

Good lasing characteristics of phosphate glass were noted in reference
[430]. As a result of the low lasing thresholds: of phosphate glass, a
quasicontinuous lasing mode was obtained [74]. For this purpose, elements

3 mm in diameter by 50 mm were used, the pumping tube was fed by a rectified
ac current without additional filtration. For a single halfperiod rectifica-
tion, the threshold pumping power was 720 watts; for halfperiod, 1100 watts.
Another attempt to realize continuous lasing was made in [73]. However,
continuous lasing was obtained only on silicate glass, phosphate and fluo-
beryllate glass were destroyed as a result of thermal stresses before
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attaining the lasing threshold. The experimental conditions were investigated
above. It was found that emission in the free lasing mode was concentrated
near the axis of the active element, and the emitted power (0.5 watts) was
approximately 10 times less than the calculated power. At the present time
continuous lasing is certainly obtained only on the so-called "selfocuses"

made of silicate gless [72].

When using phosphate glass in pulsed lasers, the possibility of creating an
extraordinarily narrow lasing spectrum without significant reduction in the
laser efficiency is attractive. The simplest diagram.of this laser is pre-
sented in Figure 4.26. The laser consists of a generator and amplifier,
both of them are made of LGS-40 phosphate glass. 1In the generator the active
élement is placed in a semiconcentric resonator. The outputmirror is made
in the form of a plane parallel plate, on which a dielectric coating is
applied. This plate simultaneously plays the role of a frequency selector
with reflection coefficient of 15%. 1In order to increase the output energy,
a single power amplifier is used. By using this device, a smooth lasing
pulse is obtained with spectral width of the émission band of 0.05 cnrl.

Figure 4.26. Diagram of an amplifier-laser with narrow emission
spectrum.
l--active element, 2—-spherical mirror, 3--plane parallel plate

The use of the resonator permitting realization of the traveling wave mode
makes it possible to achieve further narrowing of the lasing spectrum [449].,
In the system presented in Figure 4.27, a four-mirror ring cavity is used.
In order to obtain the traveling wave mode, an additional return mirror is
used. Three of the four mirrors placed at the corners of the rectangle are
blind mirrors, with beveled rear surface, the fourth is semitransparent. It
is used to output emission from the laser, and the return mirror is blind.
Between the semitransparent and return mirrors there is a selector in the
form of a Fabry-Perot etalon. The other etalom is placed directly in the
resonator and is used for emission frequency tuning. For this purpose its
surface is set an angle of 10~%4 rad to each other. The laser uses two
active elements, one made of phosphate glass and the other of GLS-1 glass.
Both elements are excited simultaneously.

In the absence of the return mirror the time expansion of the lasing is a
random series of peaks with spectral width on the order of 1 cm™*. On
including the return mirror, the width of the pulse spectrum decreases to

N 0.08 cm~1, Placement of the selector between the return and semitransparent
mirrors brings order into the series of peaks in time and is accompanied by
excitation of only one or two axial modes. When the pumping energy exceeds
the threshold by 4 to 6% and with small inclination of the selector, a
single frequency lasing mode is achieved with spectral width of 0.005 cm_l;
regular emission pulsatiens are.observed here., The duration of individual
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peaks is 2 microseconds; the time intervals between them are 12 micro-
seconds.

Rj
ot 4
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Figure 4.27. Diagram of a traveling wave laser with narrow
emission spectrum:

l--active element, 2--reflector, 3--semitransparent mirror,
4,5--Fabry-Perot etalons.

Frequency tuning is realized by shifting the misaligned selector in a 1054-1070

nm range. It was noted that during tuning to the long wave region the width
of the lasing spectrum increases somewhat,

As was stated above, efforts to obtain continuous lasing on phosphate glass
were not crowned with success. Nevertheless, good results were obtained
when using this glass in the frequency lasing mode [58]. On active elements
8 mm in diameter by 100 mm made of LGS-I and LGS-M glass, lasing was realized
with pulse repetition of 10 hertz for an average emission power to 10 watts.
For pumping the ISP-600 pulse tube was used which together with the active
element was placed in a single module quartz illuminator. Cooling was
realized by a 1liquid simultaneously serving as a filter for the ultraviolet

- pumping emission. The pumping power was 700 watts. In the LGS-M glass with
attenuated dependence of the thermooptical constants on temperature, lasing
was observed in the temperature range from -60 to +80°C, the variation of the
lasing energy in the pulse on variation of temperature did not exceed 50%.

[

.’ ' '
D , . i ,
(V= AN o

Figure 4.28. Simplest laser with- dispersion resonator.
1--flat mirror, 2--active element, 3--prism, 4--rotating mirror.

Introduction of dispersion elements in the laser cavity (Figure 4.28) offers
the possibility of obtaining smooth frequency tuning within the limits of the
neodymium luminescence band [442, 450, 510]. Use of the Fabry-Perot etalon
for frequency tuning made it pogsible in reference [453] to realize stable
lasing in LGS-40 phosphate glass on a wavelength of 1.3 micron or simultan-
eously lasing on 1.06 and 1.3 microns. The possible tuning range inside the
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luminescence band was determined by the dispersion characteristic of the
etalon and it was 10.5 mm, Lasing was not obtained on silicate glass under
= the same conditions. Moreover, the introduction of silicate and phosphate
glass simultaneously into the cavity leads to discontinuation of lasing at
1.3 microns, which indicates the appearance of large inactive losses in the
silicate glass under the effect of pumping.

In conclusion, it can be stated that the use of phosphate glass in Iree-
running lasers is extremely efficient. As a result of low lasing thresholds
phosphate glass greatly increases the laser efficiency. References [167,
431] contain reports on obtaining an effielency of 4 to 5% in elements

20 mm in diameter by 260 mm made of LGS-I, LGS~M glass. This is almost
twice that, for example, for GLS-1 silicate glass. In reference [47], an
efficiency to 6% was achieved for elements 45 mm in diameter by 600 mm.

§4,10. Use of Phosphate Glass to Obtain Short and Ultrashort Pulses

The narrowness of the lasing spectrum characteristic of phosphate glass can
in some cased be useful to improve the characteristics of lasers operating in
the self-synchronization modes.

Although silicate glass, as a result of the broad emission spectrum (50 to
100 cm™1l) theoretically permit us to obtain 10-13 second pulses with mode
synchronization, the antireflection dyes used for realization of these condi-
tions have insufficiently short absorption recovery time (10711 gec), which
leads to irregularity of the peak structure and difficulties in achieving
reproducible conditions. In order to improve the reproducibility, it is
necessary artificially to constrict the emission band of the laser using
dispersion elements placed in the cavity. The .application of phosphate
glass with a narrow lasing spectrum must provide for simplification of the
volume of this laser and provide stable, well-reproducible lasing conditions,

In reference [453], alkali niobium phosphate glass LGS-54 with an emission
spectrum width in the free running mode of no more than 6 cem~l was used for
this purpose. A rod made of this glass 10 mm in diameter by 130 mm with ends
beveled at the Brewster angle was placed in a plane parallel resonator 90 cm
long. The resonator consisted of a blind mirror in direct contact with the
transmitting filter 2 mm thick and a mirror with 50% transmission (Figure 4.29).
The mirror backings and the filter opening had wedge shape. An iris 2.5 mm
in diameter was used to limit the angle modes of the resonator. The initial
transmission of the transmitting filter was 65%Z. When the pumping energy
exceeded the threshold by 5 to 10%, the lasing occurred in the form of a
regular train of pulses 20 nanoseconds in duration with contrast of 2.5.

The width of the pulse spectrum was 1.3 to 1.7 cm~!, The total energy of the
pulse train was 6 to 9 millijoules with a peak power of 109 watts/cmé. These
conditions are highly reproducible for 30 to 40~fold pumping repetition. In
addition to regularity of the pumping structure, the lasing wavelength is
reproduced well, the average deviation from pulse to pulse does not exceed
0.5 em1, Analogous results are also obtained for another phosphate glass--—
LGS-40 [453]. ~'°
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o l 4
Figure 4.29, Diagram of a laser with passive mode synchronization.

1--cell .filter combined with a mirror with 100% reflection,
2--active element, 3——iris, 4~-mirror with 50% reflection.

As a result of the low thresholds and high efficiency, phosphate glass can be
used.in a number of devices to replace such expensive materials as yttrium
aluminum garnet (YAG). Thus, when using a rotating prism based on elements

8 mm in diameter by 100 mm as the modulator, the periodic giant pulse lasing
mode with a frequency of 10 hertz and energy per pulse of 0.5 joules was
obtained’ [58].

The elements were made of LGS-I glass and they were subjected to special
processing in order to improve their strength. The experimental conditionms
were analogous to those described above for the free lasing mode. The pumping
energy per pulse was 50 joules. The efficiency of this laser in the giant pulse
mode exceeded 1%. The presence of LGS-I glass by LGS-M with attenuated
dependence of the thermooptical characteristics on temperature made it possible
to obtain stable lasing in the range from -60 to +80°C with an emission
divergence of 20' with respect to the 0.9 level and energy variation per pulse
of no more than 50% in the entire temperature range. The parameters of such

a laser as a function of thermooptical characteristics of the glass are
investigated in more detail in §5.2.
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CHAPTER 5. THERMOOPTICAL PROPERTIES OF PHOSPHATE GLASS AND SELECTION OF
NEODYMIUM GLASS FOR LASERS OF VARIOUS TYPES

§5.1. Thermooptical Characteristics of Phosphate Glass

For the creation of phosphate glass with given thermooptical properties, it is
necessary to know the thermooptical characteristics W, P and Q as a function
of the glass composition. The value of W which can be calculated by formula
(1.32) [456] is the simplest to measure, but the interferometric methods of
direct measurement of W with uniform heating of the glass element [34, 455,
457, 458] or when determining the difference in path between two points of the
cross section of a rectangular element having different temperature [32] are
more convenient and exact. In the latter case, it is necessary to use a rect-
angular (desirably, plate) element with unattached ends, in which a linear
temperature gradient does not create stresses [31, 32]. In the method dis-
cussed in [455, 457, 458], the temperature of the element is recorded, then it
is varied by a defined amount, and the difference in optical path occurring in
this case is measured. This gives an average value of W for the temperature
interval of the measurements. W increases linearly with temperature. The
; temperature coefficient dW/dT 1s (0. 05—0 30) « 10~7 K~2 [33, 34, 49, 459].
For a value of dW/dT equal to 0.2 10~7 k=2 and a temperature gradient for
two measurements at 50 K used, for example, in {4571, the obtained average
value of W will differ from the values for the ends of the interval by *5 -
1077 k™!, When using values of W presented by different authors, it is neces-
sary to consider the variation of W with temperature. In [34, 460], a method
is proposed for continuous recording of the temperature dependence of the dif-
ference in optical path Ap(T) with glow uniform heating of the sample, which
permits construction of the curves W(T) for a broad temperature interval and
improvement of the accuracy of determination of Ww.

As was demonstrated in [461], and then in [34, 456, 460], the values of W and
dW/dT for phosphate glass, as a rule, decrease with a decrease in the field
strength of the cation modifier. In Figure 5.1 the values of W are presented
for metaphosphates of bivalent and trivalent metals [456] as a function of the
ion radius r of the cation. Figure 5.2 shows the temperature dependence of W
for glass with the composition (in molecular percent) of 90 Me(P03)2-10A1(P0O3)s
[34]. The behavior of the curves W(r) differs for the catiors Mg, Ca, Sr, Ba
with electron shells of the same type as for inert gases, and for ions of the
Zn-Cd group with 18-electron shell. This was noted for the first time in
[461], and then it was found for the dependence of other thermooptical
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properties on the atomic characteristics of bivalent cations [456, 463, 464].
In Table 5.1 for glass with the composition of 90 Me(P03).-10 A1(PO3)3, values
of W obtained by two methods were compared. The value of W1 was measured di-
rectly during continuous recording of the temperature dependence of the length
of optical path of Ap(T) [34]. We calculated Wo by the values obtained in
[456] for pure metaphosphates of bivalent metals and aluminum by measuring the
coefficient of thermal expansion n and dn/dT and subsequent calculation of W
by formula (1.32). These values of W are presented in Table 5.2 [456]. The
values of B--the optical stress coefficlent investigated below--are indicated
there. When performing the calculation it was assumed that the contribution
to W depends linearly on the metaphosphate concentration. All of the values
are presented for 70° C considering the values of dW/dT. 1In [34] W was meas-
ured on a wavelengih cf 632 nm; in [456] it was measured on 508 nm. With an
increase in waveliength the thermooptical constant W decreases [33, 46]. De-
pending on the dispersion of the index of refraction the values of Won A=
508 nm must be (4-12) - 10”7 K~! larger than for A = 632 nm (Table 1.5).

05 10 15nA

Figure 5.1. Thermooptical constant W of vitreous metaphosphates of bivalent
- and trivalent metals as a function of the ion radius of the cat-
ion [456].

0 W I T
—ﬂﬁ e

Figure 5.2, Temperature dependence of the thermooptical constant W for glass
with the composition (moleculzr percent) 90 Me(PO3)2-10 A1(PO3)3
[34].

Comparison of Wy and W2 (Table 5.1) demonstrates that both methods give re-
sults that agree satisfactorily considering the dispersion W and the total
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measurement and calculation error (on the order of 5 - 1077 K'l), considering
the dispersion of W, the values of W, are somewhat larger than W,, except glass
with Zn and Cd. At the same time, the values of the temperature derivative of
W differ by 1.5 to 2 times. The values of dW/dT defined by different inter-
ferometric methods [34, 459], are larger than the values obtained by calcula-
tion using formula (1.32) [49, 456]. Therefore a quantitative comparison of
dW/dT 1is now possible only for the identical method of measurement. The
course of the relation for dW/4T as a function of the parameters of the modi-~
fier cations is identical for different measurement methods, and, namely,
dW/dT decreases with a decrease in the cation field strength., Alkali phos-
phate glass has the least values of these derivatives: for phosphate glass
dW/dT can be almost half that for barium glass having minimum value of di/dT
in glass with the composition of 90 Me(PO3)2~10 A1(PO3)3. For example, in Ta-
ble 5.3 compositions and thermooptical characteristics of certain glasses of
the MePO3-BPO4-MgO (Me = Na, K) are presented which were studied in [34, 167,
461, 462]. The addition of B203, BPOy and MgO to the alkaline metaphosphates

eﬂ increases the values of W and dW/dT (Table 5.3). Potassium glass has appreci-
I\ ably smaller values of W than sodium glass.
Table 5.1
o] [
Wy | Toe |
eB ] 2 81 2g |
S R LN N e B AL
- " - o o0
®E | s | K E|‘qz Beg | 1
- ]o lkh le
T=10°C (L T=20—120"C Sf3 8
Mg | 0T 68,2 | +28 | 0235 | 0,163 |~+0,072
Ca ', 38 36,3 41,7 0,205 0,154 | 40,054
Sr 18 - 16,2 +1,8 0,155 0,136 40,019
Ba —15 | —141 | 409 | o5 | o109 | +0.041
Zn 83 8 |' =3
Cd 76 84,9 —8,9 0,27 0,136 40,134
Pb 3 36 |- —0,8 0,18 0,163 40,017
Table 5.2
tdn @, (n—1), = B,
%r a o 7_'_7‘ Y R A [ 2
l0_7l{—l 107 " K™ 1o 10. K 10 cHU/KE
. T=10°C :
Material 508 nm 550 Nim
Mg(POy); 74 29 ° 31,5 66,5 2,3
Ca{PO,), 101 —25 56 31 1,65
Se(o,), (19 - 87 8 1725
Ba(l'u,), 138 — 4G 81 —25 0,55
Zn(0,), 80 45 42 87 4,95
Co(r0;), % 30 55 | 85 3,0
- Ph(l’0y), 139 108 102 —b 0,35
- Y(POy)a 45,5 53 25 78 3,2
B La(POy), " 12 42,5 54,5 2,05
ALPO,); 57 5% 30 84, &b
In(PO,), 62 RESRN X I 30
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Table 5.3 o
Glass Comp, mol-~-% W, di up
1w x4 4T 1] ®
NaPO, | KPO, | BPO, | MgO | g9i¢ ‘[jq=7 2|10 K
70 5 | 151 —4 | o0 149 1,517
55 30 | 15 12 043 | 119 1,525
40- 45 | 15 32 014 89 1,53
0 |15 | 15 | =57 | 007 189 1,502
55 |3 | 15 | —a9 012 | 154 1,510 .
0|4 |15 01 045 1t 1,520
60 | 20 | 20 | =25 0.09 170 1505
lags Comp, mol-% o (mee
Glass _ . lape-n, e
NaPo, | k0, | BPO, | Mgo [(o—T gt |0~ T w0 KT 107 K
a0 | fas |5 - | 1 | -3 9,8
55 . 30 | 15 | —45 | 62 = =
50| a5 —u 8 | 23 87
0|15 | 15 | —147 95 —98 | 18
55 | 30 | 15 | —111 79 =
4 | 45 | 15 ] —s0-| 58 —9 8,1
60 | 20 | 20 | =107 86

Now let us consider the contribution to W from two terms of formula (1.32).

In Table 5.2 these values are presented for metaphosphates of bivalent and
trivalent metals [456], in Table 5.3 for glass basedcnxalkalinelnetaphosphates.
The contribution of ar(n - 1) is always positive, it is (25~100) - 10-7 k-3,
and for like ions, it increases monotorically with an increase in the atomic
number of the cation. This 1s connected both with an increase in the coeffi-
cient of thermal expansion and with an increase in the index of refraction.
Thus, the sign and the value of W are determined primarily by the temperati~e
dependence of n, which varies within significant limits (the value of dn/dT
varies approximately from -150 ¢ 10”7 to +100 « 1077 K~1). It depends on the
ratio of the temperature coefficients of thermal expansion and polarizability.
This is easy to demonstrate [467], using the known Lorenz-Lorentz formula:

2
n=ly ~ R, (5.1)

n® 2

where V 1is the specific volume, R is the specific refraction of the medium.
The polarizability factor an = 3MR/(4n¢), where M is the molar mass of the
material, s¢ 1s Avogadro's number. From (5.1) after transformations we obtain

dn (n® — I) (a® -}~

2= _x 5.2
7 = (@ — ) G.2)

a

~ ’ ~ da ’
Here vy - %,-% is the coefficient of volumetric expansion, ¢ —1 -_l_ 7'7%'1-‘

the total thermal coefficient of polarizability (that is, considering all
variations of the polarizability with temperature).

Let us consider three possible cases of the relations between ¢ and y.
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1. vy is always larger than ¢. The index of refraction decreases monotoni-
cally with temperature. As an illustration, in Figure 5.3 we have the tem-
perature dependence of n, vy, ¢ for vitreous B;03 [467], in which the bonds are
significantly less strong than, for example, in Si02. This behavior is char-
acteristic for "loose" structures with relatively weak bonds, and it can be

expected for borate and phosphate glass containing large low-charge modifier
cations.

2. Yand § are similar with respect to magnitude. This category includes the
majority of silicate optical glasses with rigid silicate frame. For a wide
temperature range the curves of the thermal dependence of y and ¢ intersect at
three points where the function n(T) has peaks or minima. At low temperatures
the index of refraction decreases slowly with temperature. Then at higher
temperatures, n increases, reaching a maximum near the _roasting temperature.
In the region of transformation y becomes larger than $, and n decreases to
the following minimum and then it again increases. As an illustration we have
the behavior of n(T) for borosilicate crown glass (Figure 5.4).

" st
La6 h
& 500 +
)
w400
e,
had -30a |-
200 -
54l wo - Y
1 1 L '0 : '|--"f:. L I
20 0 200 600 umw Te2000 k7] 1000
%) Temp, °C f % Temp, °C

Figure 5.3. Temperature dependence of the index of refraction (a), the coef-
ficient cf volumetric expansion y and the total polarizability
factor ¢ (b) for vitreous B»0; [467].
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Figure 5.4, Temperature dependence of the index of refraction (a), the coef-
ficient of volumetric expansion y and the total polarizability
factor ¢ (b) for borosilicate glass [467].
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3. ? is always smaller than $. This is characteristic only for quartz glass
with very small Y. Here the defining factor is the thermal variation of po-
larizability, and n increases monotonically with temperature to the region of
transformation (about 1,300° C for quartz glass).

These relations are useful to consider when analyzing the general picture of
the dependence of the index of refraction on temperature. For example, it can
be expected that the values of dn/dT will increase for the transition from
loose (with large volume calculated for one anion) phosphate glass containing
large cations and having predominantly chain structure, to denser phosphate
glass, the composition of which includes cations with large field strength
(Mg?*, A1%t, and so on) and also ultraphosphate, borophosphate and silicophos-

- phate glass having large binding of the anion motif and structure close to
frame. Among the silicate glass the least values of dn/dT must also have
glass with large content of the large catioms (K, Cs, Ba, Sr).

Above, we did not investigate the physical mechanisms of variation of polar-
izability which, along with variation of density are responsible for the tem-
perature dependence of the index of refraction. These mechanisms were ana-
lyzed in [465, 466], and then in [463, 468]. The Drude formula for molecular
refraction or polarizability analogous to the Lorenz-Lorentz formula was used:

nt— 1= 4nNay,

where N is the number of oscillators per unit volume., It was demonstrated
that it is possible to isolate three contributions to dn/dT which we shall de-
note by &, ¢, #; they are related, respectively, to the variation in the num-
ber of oscillators per unit volume as a result of the thermal variation of the
density (%), with variation of the polarizability as a result of variation of
the density () and with variation of the polarizability as a result of vari-
ation of the temperature (£):

P . ~n? i

i
~ D

@ = V=g (C: +20) — 2, (5.3)
dn »

R=g—(F+Q)

When using the Lorenz-Lorentz formula, the value of # can be multiplied by
(n? + 2)/3 [463]; the value of @ also varies correspondingly; % does not de-
pend on the initial expression for refraction.

The value of @ permits estimation of the contribution of the photoelasticity
to the temperature variation of n., Unfortunately, for such an analysis it is
necessary to know the photoelastic constants of glass Ci1 and C2 which are
measured only for optical glass of complex composition [469] and for metaphos-
phates of bivalent metals [464, 477].

Using the parameters #, @, ®, it is possible to estimate the temperature vari-
ation of the polarizability factor of the glass an(T) [386, 388, 389, 391]):
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an(T) = &y (1 + PYT + §pT),
or

dn nf—1
7= =Y+ 2V 4+l

~ i -
Here ap is the initial polarizability, ¢p = l(m_'“) = 92_; is the thermal co-

efficient of polarizability for constant density p (differing from the total
coefficient ¢ in (5.2)), @ =—Q/P is the deformation-polarization coeffi-
cient determining the variation in the polarizability with variation of the
volume.

Table 5.4 gives the values of 2, @, %, &, 9,’-1 and 4) according to Lorenz-
Lorentz for metaphosphates of bivalent metals [464], the values according to
Drude are given in parentheses. Although the values of the coefficients cal-
culated from the various expressions for the refractions can differ signifi-
cantly, the general behavior of their variation on transition from one compo- .
sition to another is retained. % and (£ 4 @) (the photoelastic effect) de-
crease in the series Mg-Ba and Zn-Cd-Pb, The values of £, and # are com-
parable to each other, which distinguishes the glass from crystal in which the
predominant contribution to the variation of the polarizability with tempera-
ture is made by the photoelastic effect (&, Q>9? _?7>(p,) [464]. Barium
metaphosphate, which is similar with respect to the value of # to crystalline
KBr [463. 466] is an exception. Figure 5.5 shows the dependence of the vari-
ation #, @ and £ in metaphosphates of bivalent cations on the variation of
the coefficient of linear thermal expansion and the free cation refraction.

P depends linearly on the coefficient of thermal expansion, ¢ and % depend
on the refraction. The proportionality coefficients for # and # differ in
the series Mg-Ba and Zn-Pb as a result of difference in degree of covalence of
the Me?*-0 bond. As a result of different sign of the slope angles of the
functions & and ® on the refraction, the sum ( @+#%) in the vitreous Me(PO3)2
varies little, and the dependence of dn/dT on the composition is determined in
the given case by variation of the number of oscillators per unit volume, that
is, the value of & [464]. As our measurements demonstrate, the analogous
situation occurs for glass 0,9 Me(P03),-0.1 Al1(PO3); and for glass based on
alkaline metaphosphates. Thus, we obtain confirmation of the previously dis-
cussed arguments of the ratio of the values of y and $ for friable phosphate
glass.

As is obvious from Tables 5.1-5.4 and Figures 5.1, 5.2, values of W ~lose to
zero can be obtained on the basis of the compounds of Sr, Ba, Pb and ..iso al-
kaline metals, which is understandable in the light of the previously dis-

cussed concepts. Therefore the influence of the oxides of these elements on
the thermooptical characteristics of glass was studied recently in the great-
est detail [470-476]. It was discovered that the contribution of the oxide

additives to the value of W depends on its value for the initial glass. The
addition . of Sr0 to glass with positive values of W leads to a decrease in
them; with negative values, to an increase im them. PbO has a similar influ-
ence [470, 471]. 1In all of the investigated phosphate glasses, Ba0 lowers W
[472]). Glass based on the alkaline metal oxides has the least value of W,
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usually to =50 - 10-7 x-! [34], although phosphate glass with a large content
of Rb20 and Cs;0 can also have much smaller values [473]. The determination
of the contributions of individual components to W made it possible to create
a table for calculating its values in glass, predominantly based on phosphates
of bivalent metals, inasmuch as for such glass data were obtained for differ-
ent additives [478].

Table 5.4 . .
MgO-£,0, Ca0-P,0, 8r0-P,0, Ba0.P,0, ‘ Zn0-P,0, l CdO0-P,0, PbO-P,0,
P, 10" K |—130(—92) |—202(—137) |—246(—166) |—208(—197) | —151(—104) |—201(—132) |—308(—230)
Q, 107 K 73(35). 125(61) 130(50) 201(101) 66(20) 123(54) 233(72)
®, 1077 K1 86 .52 57 —9 130 " 108 58
2 . 0,56(0,38) | 0,62(0,44) | 0,53(0,30) | 0,66(0,51) | 0,44(0,20) | 0,64(0,41) | 0,58(0,30)
Fp 1077 K1 147(20T) 78(114) 82(122) . | —13(—20) | 206(208) | 145(221) 62(102)
27, 1077 K 125(84) 187(134) 189(107) | 276(212) 105(48) 164(141) | 242(126)
P, 107 K 58 13 4 | —-m 8 62 —37
Q, 10-7 K1 5,5 5.7 5,4 2.4 10 9,1 —0,7
W, 1077 K o6 31 8 1 =25 87 84 -7
PIW 0,9 0,4 —1.8 2,8 0,9 07 | 50
r Pby
220 /
~ 180
N
R %0
§
_ <
L Mg w0
1501y, -
s L 60
v?— -240r
()
= r -20F
& =330 |+ Ba
- »Ba
P
Y B P . 20 5 7 2

N 5 Aowmol

Figure 5.5. Dependence of the terms %, @, #, defining the variation of n with
temperature on the coefficient of linear thermal expansion aT (a)
and on the refraction of the free cation R (b) in metaphosphates
of bivalent metals [464]. Calculation by the Lorenz-Lorentz for-

mula. The circles-- #, the crosses--@.
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- The calculation of an additive property Q¢ of the glass containing m compo-
nents is made by the Demkina additiveness formula [479]:

m a ﬂl‘ a m
|~'SO ./( - SO) f 0%

m
where b, _—_—.30-9/(2—;-9) Here Q¢ 1is the partial value of the calculated parameter
0 1 0

for components in glass; the coefficients Sy called the structural mass serve
for transition from the mass fractions ag to the volumetric fractions bg. In
Table 5.5 the partial values of the index of refraction np, the average dis-
persion (nf - nc)o, the coefficient of thermal expansion ar_%, the thermooptical
characteristics Wy, Qo and “he optical stress coefficient Bp are presented for
28 oxides. The structural masses of Sg¢ of the oxides were determined by the
experimental values of the index of refraction. The table offers the possi-
bility of calculating the magnitudes of the coefficient of thermal expansion
or and W with the arithmetic mean error 2.5 - 107 k™! and 3 + 10~7 K~!, re-
spectively, and mean square error of 5 - 10~7 X~ for both values with a con-
fidence interval of 0.85.

Table 5.5
;'3 g?“ ?”o' )
5 ne ACI Tl (I "y IS 9 _, | oxide con-
. |hl P . 10 cn/kg 10 - 'K t t*?b
Oxides : . g, o b ‘ ' ent,® & 0y
. =" T=70°C [A=508 nm . weight .
P,0, 6 | 1,505 | 715 400 | 25 2,4 75 |33-80 .- 0
. 3 | 1,52 870 | 190 | 20 | . —t 5 | 0—=6(17) (s,crexne
Li,0 I _ : ' ﬁe§ P)hg)l :
. - 0—6 ce
. 30 1,70 [ 1670 19 [ 20 : cp(ﬁg) A
Nay0 62 | 1,45 950 400 | —160 | . O .6 0—7(30) .
. K,0 9% | 1,42 620 480 | —350 4 8 0—28 (40)
Rb,0 187 1,44 800 | - 430 | —350 -2 3 021 (57)
Cs,0 282 | 149 | 850 500 | —500 | —4 —8 0-25
T1,0 236 oo 12 -5 0—20
72 ol : ‘3 . 35 0—23 (=~ cTexne , ¢
Mg0 { . . ) Ba0 = £i0)°
40 ) 3 5 0—5 (B crexne ¢
. ] . KO m » Meradoc-
Gare) :
Ca0 1908 1,85 1650 70 140 —1 10 0—10(28)
$10 246 4,83 1500 210 | —s85 —4 4 0—10 (42)
Ba0 205 | 1,94 1825 205 | 230 | -8 —23 | 036 (51)
Zn0 8t . T 1 s 25 o2
Key: a. (in glass without PbO0) c¢. (in glass with BaO and PbO)
b. (in glass with PbO) d. (in glass with K20 and in meta-
phosphate)
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Table 5.5 (continued)

¢do 270 2,10 2800 25 425 7 35 0—20 (47)
PLO 23 | 2,23 4950 u45 | —30 —4 —18 | 056 (80)
§¢,04 7 | 1,8 2500 | -85 255 0 |0—10
Y0, | 226 | 1,8 | 2500 | —300 | 400 6 20 |0-12(33)
La0y, | 470 N : ' ‘

Ce0, 112 (| 1,80 2085 | —90 230 7 25 0—7 (45)
Nd,0, | 176 ' :
B0, @ | 150 0 | ~20 | 140 4 2 |o—t2
ALO, | 102 1,65 90 | —25 400 5 25 | 017 23)
Ga,0, 02 | 1,75 1500 | —%0 | 315 8 3 [o0—10(31)
Iny0, 1w | 1,78 2000 | —55 270 7 0 | 0—10 (40)
Si0, 60 | 1,49 835 | —70 70 7 0 |0-3
GeO, 104 | 1,80 1800 | —100 530 ki 30 lo—20
Nb,0, 125 | 2,05 6380 | —185 370 6 25 | 0—10
Sb,0, 15 | 2,29 5500 130 280 1 15 |o—20
Bi,0, | 261 | 242 |. 6900 100 280 7 25 | 0—20 (52)

* The numbers in parentheses indicate the maximum oxide concentration in the
binary systems.
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Figure 5.6. Photoelastic constants Ci and C2 as a function of the refraction
of a free cation for vitreous metaphosphates Me(PO3), [464].

As a rule, the thermooptical characteristic P varies as a function of the
glass composition in the same way as W. However, in connection with the great
complexity of its determination, the number of papers in which the dependence
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of P on the glass composition 1s analyzed, is very limited. P is calculated
by mechanical and photoelastic characteristics of glass and values of dn/dT
with respect to the formula (1.32). The photoelastic constants C; and C2 in
binary glass are measured only for metaphosphates of bivalent metals [400,
464, 477]. In the series Mg-Ca-Sr~Ba, the value of C; increases, and C, de-
creases (Figure 5.6). The optical stress coefficient B = C; - C2 also de-
creases, A decrease in B is noted in the series of metaphosphates of Zn-Cd-Pb,
however, Ci and C2 vary nonmonotonically here. This nature of variation of
the phutoelastic properties and small number of measurements on glass of sim-
ple composition make calculation of P difficult., The method of its indepen-
dent determination proposed in [45] is highly complicated and requires samples
with high optical quality. Now the values of P are measured by the method
only for laser glass of complex composition (Table i.3). In [55] it was dem-
onstrated that P is connected linearly with W:

P = (—6,6 + 1,44W) - 107 K-,

This relation was found for intervals of the values of the coefficient of
linear thermal expansion of glass (35-112) - 10~7 K™, photoelastic constants
-(0.9-6) + 10~7 cm?/kg, Young's modulus 4,100-8,200 kg/mm® and values of P and
W (2-150) + 10~7 K=, The authors of [55] consider that in this case the
value of P can be obtained with the mean square error not exceeding 4.5 -

1077 k=1, Figure 5.7 shows the relation of P and W for glass [55].

If this expression is valid, the laws of variation of P and W with glass com-
position in the phosphate systems are analogous, that is, P must decrease to
large negative values for glass with large concentrations of large low-charge
cations Na, K, Rb, Cs, Ba, Pb and, just as W, increase as the field strength
of the cation modifier increases. This actually occurs, as the published data

R

PG K

0

1

- 0 L A 1 1 1 1 l. 1 1 i
i
50 W0k

Figure 5.7. Relation of thermooptical constants P and W for glass [55]. The
circles are the experimental values, the dots are values found by
the experimental values of optical, elastic, thermal and photo-
elastic parameters.
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for phosphate glass [45, 46, 49, 51, 52, 463] and our --lculations of P with
respect to photoelastic, optical and mechanical characteristics for glass of
the type 0.9 Me(PO3)2-0.1 A1(PO3)s and for glass based on alkaline metal
metaphosphates (see, for example, Table 5.3) show. Here the statistical rela-
tion between the calculated values of P and the values of W determined experi-
mentally, indicated in [55], is not always sustained, which can be seen from
the data presented in Tables 5.3 and 5.4, but both characteristics vary sym-
batically. 1In calculating P, the greatest error is connected with measure-
ments of the photoelastic constants C; and Cz, where for ordinary methods the
total error reaches 15 to 20 percent. However, there are entirely sufficient
data available on the correlation of the values of P and W so that when devel-
oping phosphate glass with given thermooptical parameters initially the easily
measured and calculated value of W is used, and then a more precise definition
is made of the composition after the more tedious measurements of P.

The value of Q characterizes the anisotropy occurring under the effect of
mechanical stresses in the active elements. From formula (1.32) it is obvious
that Q depends on the mechanical properties of the glass a, E and u and on
the optical stress coefficient B = C1 - C2. The laws of variation of B with
phosphate glass composition were studied in a number of papers [46, 456, 463,
464, 469-477]. As is obvious from Figure 5.6 and Table 5.2, the Ba and Pb
metaphosphates have the least values of B, and Zn and Y, the greatest. In the
first approximation Q and B are related by the linear expression [55]: Q =
3.75 B, A more detailed investigation demonstrated that for additives of cer-
tain oxides to glass of defined composition the contribution from at and E to
the value of Q can predominate over the contribution to B, and the proportion-
ality between B and Q in the general case is not satisfied (Figure 5.8). For
example, additives of Na,O and K0 to the phosphate glasses lower B, but they
increase Q as a result of a sharp increase in the coefficient of thermal ex-
pansion of glass. In [480], the molar contributions to Q are defined, that
is, AQ/Am, where m is molecular percent of oxide, and the table is compiled
which offers the possibility of calculating the values of Q and B for phos-
phate glass. Just as in the case of W, the calculation was made by the
Demkina additiveness formula, the structural masses for calculating all of the
thermooptical parameters coincide. The partial values of Qo and Bo are pre-
sented in Table 5.5. They are minimal for heavy cations Cs, Tl, Ba, Pb where
the values of Qo are negative. The values of Bg and Qo can have different
signs (Li, Rb, Ca, Sr, Table 5.5). The mean square deviation of the given
calculations of Qo from the experiment is *0.3 + 10~7 K~*, and B * 0.1 10~7
cm?/kg, which almost corresponds to reproducibility of these parameters of the
glass in different foundings of glass of the same composition. Let us again
point out that the data in Table 5.5 are basically suitable for calculating
the properties of glass based on metaphosphates of bivalent metals., For sys-
tems consisting, for example, predominantly of alkaline phosphates with addi-
tives of BPOy or B,03; [101, 167, 462], the values of the calculation coeffi-
cients will differ significantly from those presented in Table 5.5. For exam-
ple, the partial values of Wo determined by us for alkaline phosphate glass
for K,0 amount to -420 + 10-’ K-!, for Na20, 190 « 10-7 K~!, that is, less
than in Table 5.5. However, the majority of industrial optical glasses on a
phosphate base contain high concentrations of bivalent oxides, and in this
case, using the data in Table 5.5, it is possible to create laser phosphate
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Relation between contributions to the values of B and Q per mole
percent of added oxide for phosphate glass [480]. The element
symbol corresponds to the oxide.

Figure 5.8.

glass with values of Q close to zero. The primary component of such glass is
Pb0O [46, 480]. Some characteristics of such glass were presented in Table 1.3.
Birefringence in elements made of such glass with small Q is 3 to 4 times less
than in analogous elements made of industrial phosphate glass GLS-22.
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Relation between partial values of Wo and Qg for oxides in phos-
phate glass [480]. The symbol of tue element corresponds to the
oxide.

Figure 5.9.

For a small value of the thermooptical distortions in the active elements made
of glass, closeness to zero of not only Q, but also P is needed. Glass with
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small W, as a rule, has small values of P. In Figure 5.9 partial values of

the thermooptical constants Wo and Qo are compared [480]. This diagram, to-
gether with Table 5.5, offers the possibility of purposeful selection of the
base of phosphate laser glass. Of course, when selecting, it is necessary to
consider a number of other characteristics of the glass: spectral luminescence
and lasing parameters, the technological properties, thermal conductivity,
chemical and mechanical strength, and so on, but the condition of smallness of
the thermooptical distortions is one of the most important. The primary compo-
nents of phosphate glass with small thermooptical characteristics are the
barium, lead, strontium, lithium, sodium, potassium, rubidium and cesium ox-
ides. The phosphate glass with a high content of these oxides has high in-
duced emission cross sections and small width of the luminescence and lasing
bands of Nd3t (Chapter 4), which makes it possible to create neodymium~-doped
laser glass with optimal combination of these properties for an entire series
of laser systems [47, 48, 58, 59, 101, 395].

The relations studied at the present time for the thermooptical properties of
phosphate glass as a function of glass composition are of a purely phenomeno-
logical nature. Unfortunately, even for simple binary crystals, the calcula-
tions, for example, of the photoelastic parameters determining the thermoopti-
cal characteristics of P and Q can be made only highly approximately [481,
482]. Efforts to explain the optical properties of crystal phosphates within
the framework of the zone model in the approximation of a single-frequency
oscillator [483] are known, which offers the possibility of prediction, for
example, of the dispersion dependence of the photoelastic characteristics
[481, 484]; work has been started in this area for certain types of glass
(see, for example, [484, 487]1). The thermooptical characteristics of phos-~
phate glass within the framework of the model of a single-frequency oscillator
have been investigated primarily by Kopylov [484]. Let us briefly remember
the basic concepts of the model used. The dispersion equation of Zelmeer is
most frequently the initial equation

ntw) - 1 AsN (e} — o).

Here n is the index of refraction, s is the oscillator strength, N is the
number of oscillators per unit volume, w is the angular frequency. The dis-
persion of the optical properties of the material in the visible part of the
spectrum depends on the position and strength of the most high-energy vibra-
tions of the atoms in the ultraviolet region of the spectrum. 1In the Zelmeer

- model, the actual set of these vibrations is replaced by one "effective"
equivalent oscillator with strength s and frequency wo. Wemple and Di Domenico
have successfully used the zone model [481, 483, 485, 486] and a modified
Zelmeer equation

nt{wy —1-. FIEy — (ho?,
to describe a series of optical properties of solid states, where F is the

strength of the interzone transitions, Eo 18 their energy, h = h/2m, h is the
Planck constant.
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The high-energy transitions which basically determine E; and F are related to
the oxygen atom concentrations in oxygen-containing compounds. In this case
the number of oscillators is identical with the number of oxygen atoms per
unit volume. In [481, 483-486] it was demonstrated that it is expedient to
use another value--the dispersion energy Eq = F/Ego--which for nonmagnetic non-
metals determines the dispersion of the electron part of the dielectric con-
stant of the material. It turned out that for the majority of crystals and
glass [481, 483-486], Eq is related simply to the structural characteristics
of the material, namely to the coordination number N. of the cation having the

> | greatest bond strength with the anion, the anion valence Z, and the number Ng
of valence electrons on the anion: Eq = BNoZgNe. Here B is a constant which
depends on the type of bond in the material and is equal to (0.26 * 0.04) eV
for ijonic materials f‘halides and oxygen-containing conpounds) and (0.39 +
0.04) eV for covalent materials. Measuring the dispersion of the index of re-
fraction, it is possible to find F and E¢ and then calculate Eq and B. For
phosphate glass based on univalent and bivalent cations the value of £ turned
out to be (0.27 * 0.02) eV, which corresponds predominantly to the ionic bond
in the Wemple-Di Domenico model.

The thermooptical and opticoelastic parameters of materials can be obtained
[481, 484], differentiating the Zelmeer equation with respect to temperature
and pressure. We shall present the corresponding formulas in the form used in
[484]:

niB D . _7_3)
m'——m[“”"(i

dn | ) ﬁ
k(1=

(5.4
n(?s)d_r )

(R —1)* . kgl

) 2

Here Dy is the potential of the deformation optical anisotropy characterizing
the variation of the energy of the interzonal transitions for the uniaxial
stress n, Dy = AEg/n; the value of z = AE;/AT characterizes the variation of
the energy of the interzonal transitions with temperature, B is the optical
stress coefficient. The values of k" and kT indicate variation of the oscil-

AFN\NT |[(AEN\NT
lator strength on variation of its energy: kaGO(jig) /(73> . The values
[ ]

of Dy, z, kN, kI are presented in Table 5.6 for glass with the composition

0.9 Me(PO3)2-0.1 A1(PO3)3 [484]. Values of B and dn/dT are presented there.
The temperature is indicated for which kT, dn/dT and z were calculated. For
these types of glass Dy < 0, AF > 0, that is, the oscillator strength in-
creases, and its frequency decreases under the effect of uniaxial stress. The
values of Da and AF vary monotonically with B, which is connected with almost
identical parameter kN varying from -0.89 to -0.96 for these types of glass.
For glass based on the metaphosphates of alkaline metals (Table 5.3), the val-
ues of k" are small, that is, the oscillator strength varies little, and its
energy varies approximately identically for all of the investigated alkaline
glass. As a result, the values of B vary little--approximately from 1.5 -
1077 to 2 - 10”7 cm®/kg.
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Table 5.6
b,
a o B,
Basic 104V o K 107 e kg
Glass No | Cation kg™h )

1 Mg —0.57 —0,90 2,02

2 Ca -2 —0.41 N

3 Sr 24 —0,82 1,147

4 Ba —0,17 —U,46 u,5)
5 Zn —0,82 —0,42 366 -

6 cd —0,32 " —~080 2,52

7 Pb —0,053 —0,90 0,42

_ AF, 1;' I:x;
: Basic 10:‘eV2] B Y S el I S
Glass No| Cation |[e®kg™' | .l £le

_1 Mg 21,5 —44| —0,9 44 | 124
P Ca 12,7 3,4 —1,02 | —11 ] 126
3 Sr 74 45 —1,2 —42 94
i Ba 6.2 53| —1,19 | 82| 122
5 n a5 08| —1.9 5 81
6 (Wi} 10,3 —4,7] —0,9 371 125
7 I'b 1,7 561 —1,1 —T721 148

The sign of the parameter z for the majority of types of glass (except glass
with Zn) does not coincide with the sign of the derivative dn/dT; their values
vary symbatically. Here the proportionality is violated as a result of the
variable value of kT which varies by more than twofold in the metaphosphate
glass series. When z > 0, the temperature increase leads to an increase in
energy of the equivalent oscillator E¢, n decreases with temperature; for

z < 0 the picture is the reverse.

Although the model of the single-frequency oscillator is also phenomenological,
the parameters in it have an obvious physical meaning, and the formulas ob-
tained with its help describe not only the variation of the optical properties
with temperature and pressure well, but also the dispersion of these proper-
ties (formulas (5.4)). This approach supplements the one used earlier in the
Ramachandran model [465, 466], and it also permits standardization of the de-
scription of thermooptical properties of crystals and glass.

§5.2. Phosphate Glass for Pulse-Periodic Lasers

Pulse-periodic lasers based on glass, primarily activated by Nd3t ions, are
finding broad application in various areas of technology. The parameters of
these lasers vary within broad limits: the lasing energy varies from hun-
dredths of a joule to tens of joules, the periodicity of the effect varies
from fractions of a hertz to approximately 100 hertz, the emission power in
the Q-switching mode varies from hundreds of kilowatts to hundreds of mega-
watts. The survey information about industrial periodic glass lasers can be
found in [48, 119, 488], and information about the laser glass for them, in
[47, 48, 119, 489, 490]. As a result of the wide range of variation of the
spectral-luminescent and thermooptical properties of phosphate glass, they
offer the possibility of detailed investigation of various lasing modes and
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establishment of the physical principles of the optimal selection of the glass
for application in various pulse-pericdic laser systems.

In the given section, using the general concepts discussed in §§1.1, 1.4 and
1.5, let us specify the requirements for the active elements of pulse-periodic
lasers using glass with Nd°*. Inasmuch usually an effort is made to increase
the average power of such lasers with given size of the active elements, the
lasers operate in the mode with large heat release and, correspondingly, with
high temperature gradient in the active element, which leads to powerful ther-
mooptical distortions. We shall discuss these distortions in more detail on
the basis of the results presented in §1.4. Let us consider the dependence of
the energy characteristics of the lasers on the properties of the material of
the active elements, and let us compare the parameters of the pulse-periodic
lasers based on phosphate and silicate glass. Here we shall not consider the
technical peculiarities of the structural design of such lasers, for we are
interested primarily in the requirements on the material.

In §1.5 it was demonstrated that in order to improve the thermal conditions in
pulse-periodic lasers it is expedient to use long and thin active elements
made of glass having high thermal conductivity Ah. Increasing the length of
the active elements also leads to an increase in the gain and a decrease in
the threshold pumping energy [491, 492]. The thermal conductivity of laser
glass is approximately 0.4-2 watts/(meter-K) [47, 48, 490, 493, 494]. Among
the silicate glass, lithiumcalciumsilicate ED-2 glass has the greatest thermal
conductivity (about 1.2 watts/(meter-K)). The data on the thermal conductiv-
ity of phosphate glass are limited. Glass similar in composition to aluminum
metaphosphate (Figure 5.10) has the largest values of Ap (about 1.2 watts/ (me-
ter-K)), and potassium glass [111, 494, 495] has the least values (=0.3
watts/(meter-K)). Figure 5.11 shows the thermal conductivity of vitreous
metaphosphates as a function of the ion potential Ze/R of the cation modifier
[495]. The thermal conductivity increases with an increase in the ion poten-
tial of the cation. However, as was demonstrated in the preceding item, the
values of the thermooptical characteristics of P and {i increase simultane-
ously, and the luminescence and lasing bands are broadened. The induced emis-
sion cross section of Nd’+ decreases (Chapter 4), and consequently the thresh-
old pumping energy increases. Therefore when selecting the glass composition
for active elements it is necessary to consider immediately the set of proper-
ties of the glass and the solution dep<rds on the requirements on the output
parameters, overall dimensions and pumping energy of the laser. 1In particu-
lar, the requirement of low energy threshold of lasing and high efficiency of
the laser is usually the most important, For small threshold energy of pump-
ing P’threshold» the efficiency increases with the same values of the pumping
energy ZWpump in the pulse as a result of growth of the ratio

”npump/zwthreshold-

The value of ¥threshold decreases wich an increase in the induced emission
cross section and with an increase in the Nd3+ ion concentration; the laser
¢ificlency also increases simultaneously. In Figure 5.12, we have the values
of #threshold (normalized for Wthreshold at A’Nd0, = 2 percent by weight)
and the output energy #1age (normalized for #lage at A’Nd,0, = 6 percent by
weight) as a function of the Nd203 concentration in silicate glass [496] for
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cylindrical active elements 5 mm in diameter by 80 mm. The analogous picture
occurs also for phosphate glass. With a diameter of the active elements of

6 to 8 mm, the optimal concentration of the Na3+ fons is (3-4) + 102° cm™%;
for a diameter of 3 to 5 mm it is (5-8) - 102° em™3., 1In [497], for example,
lasing on a frequency to 100 hertz was obtained using Li-Nd-La-phosphate glass
with a concentration of Nd3t 5.8 « 10%° cm™®. Here a lasing power of 6.5
watts was obtained on an active element 5 mm in diameter by 50 mm with a pump-
ing power of 1 kilowatt and pulse repetition frequency of 10 hertz. 1In this
case the energy efficiency 1s low inasmuch as the dimensions of the active
element, the illuminator and pumping tube do not match. For a laser with ac-
tive element made of silicate glass 8 mm in diameter by 80 mm at a concentra-
tion of Nd203 of 6 percent by weight, an average free running power of 7 to 8
watts is obtained at a frequency of 7 hertz, a pumping power of 420 watts and
efficiency of 1.8 percent and 7.5 watts at a frequency of 37 hertz and effi-
ciency of 2.5 percent [492]. However, silicate glass providing such charac-
teristics is not "athermal," and the divergence of the emission reaches 40-50"'.
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Figure 5.10. Thermal conductivity An as a function of x for phosphate glass
- with the composition xMepOn x (1 - x)P20s (where x is the mole
fraction of the metal oxide) [495]. Me: 1--Al, 2--Mg, 3--Ca,
4--Ba, 5--Li, 6--K.

'S: Ay, W/imK) 3

L 1
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Figure 5.11., Thermal conductivity Ajp of vitreous metaphosphates as a function
- of the ion potential of the cation Ze/R [495].

= The presence of a positive thermal lens in the active element of pulse-
periodic lasers with moderate pumping powers improves the energy

192
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

FOR OFFICIAL USE ONLY

characteristics of the laser. 1In a resonator of length 1 with lens introduced
inside it with a focal length f, the diffraction losses are proportional to

(1 - 1/2f) [492]. For small pumping powers f is large and the losses are sig-
nificant. With a decrease in f with an increase in pumping power for glass
with P > Q, the diffraction losses decrease, #’threshold decreases, and the
efficiency increases. TFor example, for the above-mentioned active elements

8 mm in diameter by 80 mm made of silicate glass with Nd,O3 content of 6 per-
cent by weight Yg¢hreshold decreases from 25 joules per pulse for the single
pulse mode to 9-10 joules approximately every 8 seconds after the beginning of
operation in the pulse-periodic mode with a frequency of 10 hertz (the thermal
relaxation time of the active element in this case is less than 15 seconds).
Therefore if the requirements on the radiation divergence are not very signifi-
cant, it is preferable to use such glass.

L ’ 2
08
o
&1
S
g4 F
WO TS NSRS 1

0oz 4 g
c”’udzo,. "—Wt

Figure 5.12. Threshold lasing energy (1) and lasing output power (2) as a
function of the Nd,03 concentration in silicate glass for an ac-
tive element 5 mm in diameter by 80 mm [496] .

Laser phosphate glass with large values of o and optimal Nd03 concentration
permit us to obtain low thresholds and high lasing efficiency. In Figures
5.13, 5.14, relations are presented for the lasing energy for single and re-
peated pulses in the free lasing mode and for Q-switching by a rotating prism
(16,000 rpm) [81]. (The size of the active elements is 6.3 mm in diameter by

B 76 mm, the glass is Q-88* (strengthened version), 4.3 percent by weight Nd»03,
resonator length 20 cm for free lasing and 30 cmfor giant pulse mode, silvered
illuminator, water cooling.)

In the frec rumning mode with single pulses and small repetition frequency
(small average pumping power) the output energy of lasing, as shown by Figure
5,13, a and b, depends linearly on the pumping energy. The efficiency calcu-
lated by the slope of the curve is 4.5 percent for single pulses, 3 percent
for a frequency of 1 hertz; the energy efficiency is equal to 3.5 and 2 per-
cent, respectively. The lasing threshold for the periodic mode in the given
case is almost half that for the single pulses. With Q-switching in the sin-
gle pulse mode, the efficiency is 1.43 percent (mirror with 65-percent reflec-
tion, pumping energy 15.8 joules, emission energy 0.22 joules, Figure 5.13¢).
Q-88*% glass is not "athermal," the magnitude of W which we calculated accord-
ing to the data of [493] is approximately 50 - 10-7 X~! for it. Therefore

- with an increase in the average pumping power, the divergence of the emission
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0 increases, the output power decreases (when the diffraction losses become
legs than the losses to inactive absorption, and the effects of birefringence
become important [50, 498)]), for the Q-switching mode, the lasing pulse dura~
tion t]age increases. The lasing energy drop per pulse is also observed for
the above-mentioned active elements made of - "athermal" Li-Nd-La-phosphate
glass, where the average pumping power exceeds 0,3 kilowatt for the active
elements and illuminators used in [497, 499] (Figure 5.15).
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Figure 5.13. Lasing energy as a function of the pumping energy for an active
element 6.3 mm in diameter by 76 mm made of Q-88% glass [8l1].
a) Single pulse mode; b) frequency 1 hertz, free lasing mode;
c) single pulse mode, Q-switching, reflection coefficient of the
output mirror 75 percent (1) and 65 percent (2).
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Figure 5.14. Lasing energy as a function of the pulse repetition frequency
for an active element 6.3 mm in diameter by 76 mm made of Q-88%
glass at a pumping power of 11 joules per pulse in the free las-
ing mode (1) and in the Q-switching mode (2) [81].

The values of t]gge and 0 for active elements made of Q-88* glass with a pump-
ing power of 11 joules per pulse and an increase in the pulse repetition fre-
quency are as follows, respectively [81]: 25 nanoseconds and 8' (single
pulses), 30 nanoseconds and 11' (1 hertz), 45 nanoseconds and 15' (5 hertz),
55 nanoseconds and 18' (10 hertz), 70 nanoseconds and 21' (15 hertz). The
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lasing energy per pulse at v = 15 hertz is about 0.07 joule (Figure 5.14).
Thus, with an increase in the average pumping power as a result of growth of
the pulse repetition frequency the lasing power in thegiantpulse mode in-
creases from 0.07 to 1.05 watts, the divergence increases by twofold, and the
pulse duration by almost 2.5 times. The radiation energy flux density in each
pulse decreases correspondingly by several times. The maximum efficiency for
a laser with active element of the indicated size made of Q-88% glass with Q-
switching is achieved for a frequency of 5 hertz, and it amounts to about 0.9
percent, The lasing energy in one pulse in the free lasing mode also passes

- through a peak at 5 hertz, the efficiency reaches 2.2 percent, the output
power is 1,2 watts. For 15 hertz the free running power is about 2.9 watts at
an efficiency of about 1.6 percent. Let us note that it 1s not the absolute
values of the efficiency that depend on the optical quality and the machining
of the active elements, the values of the inactive power in the glass and in
the resonator or the pumping conditions and other factors that are signifi-
cant, buc the variation of the efficiency, energy and divergence of the emis-
sion with an increase in the average pumping power and lasing power (§1.5).

- ¥/} 1 1 L
Z 95 15 &p s kw

Figure 5.15. Output laser power (per pulse of emission) as a function of the
average pumping power €pum [497]. Normalization by the lasing
power #o in the single pulse mode,

When using "athermal" phosphate glass with low values of P * Q/2 (for a cylin-
drical active element) in pulse-periodic lasers, the divergence of the emission
decreases, and an increase in the average lasing power, especially in the
giant pulse mode becomes possible. For "athermal" glass, some data were pre-
gented in 51.4, and shown in Figures 1,3-1,8. Let us consider in more detail
the optical strength of the thermal lenses and lasing parameters for such
glass under the conditions of a large temperature gradient between the axis of
the active element and its edge [60]. Here the initial expression is expres-
sion (1.41). The thermal lens formed for large temperature gradients AT is
nonideal, in contrast to the lenses with small gradients ((1.37), (1.38)).
Actually, from expression (l.41) and the formula for the focal power

I 'i/}p

R (5.5)

where Ap 1s the difference in optical paths between the axis and the edge of

- the lens, it follows that the thermal lens in an active element with focal
power of 1/f can be represented as the sum of two lenses with focal powers of
1/fy and 1/f,, where
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- 2M‘#(Po;tl‘,—}’ 1 o), (5.6)

e -

:Z(AT)'*%‘.—‘O(L— £Y). (5.7)

The lens defined by expression (5.6) is a spherical lens, its sign and focal
power depend on the thermooptical characteristics of the glass, the tempera-
ture gradient in the active element and emission polarization, and they do not

. vary with respect to cross section of the active elements. The lens defined
by (5.7) is aspherical, always positive, its power does not depend on polar-
ization and varies with variation of £; therefore the compensation of the dis-
tortions (closeness to zero of the focal power of the total thermal lans) is
possible only for negative spherical lemses (5.6) and only in a sufficiently
narrow ring zone with respect to the cross section of the active element. The
temperatures T; and T; for which the focal power of the total thermal lens
vanishes at the edge and on the axis of the active elements, are equal respec-
tively [60] to

Tirg) == — AT — (Py £ Qy/2)/8, 5.8)
Targy = — 2AT — (Py + Qyi2)/6. .
The resonator with negative lens introduced into it is unstable, and therefore
it i1s expedient that the total thermal lens be positive with respect to the
entire cross section of the active elemeat, at least for r-polarization. Then
T, defines the minimum temperature, for which the given glass can operate ef-
ficiently for the given value of AT determined by the pumping power. As fol-
lows from formula (5.8), T1 is in the room temperature range only for (Po %
Qo/2) < 0. Expression (5.8) differs from the one used earlier in [52] (for-
mula (1.44)) by considering the temperature gradient in the active element,
which turns out to be highly significant for high average lasing power, when
it can exceed 80 to 100 K [57-59].

As is obvious from formulas (5.5), (5.6), the focal power of a thermal lemns in
the active element depends on the temperature. Figure 5.16 shows thzs tempera-
ture dependence of the focal power of the thermal lens formed near the axis of
a cylindrical active element for "athermal" phosphate glass GLS-22, LGS-I and
LGS-M (r- and ¢~polarizations) [60]; in Figure 5.17 we see the average free-
running output power as a function of the pulse repetition frequency for a
pumping energy per pulse of 100 joules.

The temperature gradients between the edge and the axis of the active elements
are about 40 and 80 K for LGS-I and LGS-M glass with a pumping power of 250
and 500 watts, respectively. The measurement conditions were discussed in
§54,9 and 4.10, the surface temperature of the active elements was varied by
means of the cooling liquid. With an increase in the pumping power Wage
increases linearly. In the free lasing mode the lasing power reached 10 watts
with a pumping power of 700 watts. During Q-switching of the resonator using
#n opticomechanical shutter (rotation rate 21,500 to 43,000 rpm), the lasing
energy on the active elements made of LGS-I glass obtained under optimal con-
ditions was 0.6 joule with a pumping power of 40 joules and pulse repetition
frequency of 10 hertz. The magnitude of the angular divergence with respect
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to the C.8 level of total power is 22' [59]., The "athermal” glass thus en-

sures higher radiation brightness than glass with large thermooptical con-
stants,

7

1

Figure 5.16, Temperature dependence of the focal power of thermal lenses tor
a temperature gradient of 30° C in active elements 8 mm in di-
ameter and 200 mm long on a wavelength of the sounding pulse of
0.63 micron. a) r-polarization; b) ¢-polarization. (r/R) = 0.5
(dotted lines), (r/R) = 0,82 (solid lines). The glass LGS-I
(1), 6Ls-22 (2), LGS-M (3) [60].

The variation of the lasing energy with temperature depends on the temperature
behavior of the focal power of the thermal lens that is formed. Since P de-
creages with temperature, the thermal lens with low focal power for "athermal
glass at room temperature can become negative at low temperatures, especially
for ¢-polarization (Figure 5.16), Here the magnitude of the temperature de-

- rivative of 8 = dP/dT is significant: the smaller it is, the more slowl; the

. focal power of the thermal lens varies. For LGS-M glass (6 = 0,09 « 10~ K~?)
the lasing power at negative temperatures decreases (by comparison with the
lasing power at room temperature) appreciably more slowly than for GLS-22
glass (6 = 0,14 « 10~7 K~2) (Figure 5,18). This agrees with the temperature
behavior of the focal power of thermal lenses in active elements (Figure 5.16).

. For negative lenses part of the heams leave the active element, the Q-factor

- of the resonator becomes worse, the resonator becomes unstable, the lasing ef-
ficiency decreases, and with high power of the negative lens the lasing stops.
Accordingly, "athermal" glass, as has already been noted in §1.4, cannot oper-
ate efficiently in the pulse-periodic mode at temperatures appreciably below
optimal [52], for which the combinations of thermooptical characteristics de-
fining the optical difference in path for the ¢-polarization vanish.

The above-presented arguments pertain to a fixed temperature gradient in the
active elements. However, the focal power of the negative lens as a function
of the temperature gradient in the active element is not monotonic under cer-
tain conditions. This 1is easily established from formula (1.41) for a cylin-
drical active element. Differentiating it with respect to AT and equating the
obtained derivative to zero, let us define the value of the temperature gradi-
ent ATer for two polarizations of light:

197
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

FOR OFFICIAL USE ONLY

Py e — Lo E Q2 H BT 5.9
Aler TP (5.9)
on exceeding of which instead of a further increase in focal power of the nega-
tive lens with an increase in AT, it begins to decrease, and then the lens be-
comes positive, Thus, the value of ATcr corresponds to the minimum as a func-
tion of the focal power induced in the active element of the thermal lens as a
function of the temperature gradient. Here expression (5.9) is meaningful

- only when the numerator is negative (or equal to zero), for the values of ©

and AT.r are positive, and £ $ 1 (§1.4).
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Figure 5.17. Average output power of free lasing as a function of pulse repe-

‘ , tition frequency for a pumping power per pulse of 100 joules for
- LGS-I glass with active element 8 mm in diameter by 100 mm [59].
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Figure 5.18, Lasing power as a function of the coolant. temperature [60].
‘Pulse repetition frequency 10 hertz, active element 8 mm in
diameter by 100 mm; LG3-M glass (1), GLS-22 glass (22). The
ratio ¥1age/ ¥lase, room 18 plotted on the y-axis.

For the given glass the temperature gradient in the active elements is propor-
tional to the pumping energy power. For example, for cylindrical active ele-
ments 8 mm in diameter by 10 mm made of 1.GS-I-3 glass in a highly efficient
i{1luminator the temperature gradient increases by 16° C with an increase in
pumping power by 100 watts [58, 59]. The focal power of the thermal lens
changes correspondingly.
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Let us consider an example of phosphate glass LGS-I and LGS-M, the thermoopti-
cal parameters of which were presented in Table 1.3. Table 5.7 shows the val-
ues of the combinations of thermooptical characteristics entering into formula
(5.9) and the values of ATcy for the temperatures of the side surface of the
active element of 20 and -60° C, and Figure 5.19 shows the dependence on AT
of the focal power of the total thermal lens in the active elements made of
this glass for two polarizations and two values of £ at T = 0° C. As we
shall see, the smaller the initial values of the sums (Po * Q¢/2 + 6T), the
greater the temperature gradient in the active element needed for variation of
- the course of the dependence of the focal power of the thermal lens on AT,
Here the active element operates stably under two conditions--at AT » 0 (rare
pulse conditions) and at AT exceeding AT, corresponding to the intersection
point with the x-axis of the curve 1/f(AT), for r-polarization and £ = 0
(curve 1 in Figure 5.19). In the region between AT = 0 and AT = ATy, where
the negative lens under steady-state conditions occupies the entire cross sec-
tion of the active element, the lasing power decreases, and the divergence in-
creases [56]. In real active elements under transition conditions and on de-
viations from parabolic dependence of the temperature on the radius of the ac-
tive element (the data in Table 5.7 and in Figure 5.19 are calculated under
the assumption of parabolic dependence), the pattern of the variation of the
thermooptical distortions with temperature gradient differs somewhat from
idealized, but the general diagram of the variations is maintained. These
arguments must be considered when selecting glass for pulse-periodic lasers
with high average power, where phosphate glass turns out to be optimal. Under
such conditions the active elements made of glass with a value of (Po +
Qo/2 + 6T) which for the given temperature gradient ensures a small positive
lens for r-polarization near the axis of the active elemente, give the least
angular divergence of the emission, and 1in the Q-switching mode, the op~-
ticomechanical shutters ensure the Shortest duration and high stability of the
lasing pulse. '

Table 5.7
3 LGS-1 LGS-M
T=20°C |T=—060°C| T--20 C |T=--60 °C
(Py4-04/2407), 2077 K- 1,45 | —10,05 | —1,3 | —84
(Py—Qy/2+8T) 1071 K-t —3,55 | —1475 | —74 | —14,3
- t=0 | —20 | —180 | —35 23
rpol.
, P t=1 | —40 | 36 7 m
AT
cr t=0 6,3 26,3 20 40
tpol.
) P b=t 12,6 52,5 40 80

Note: Negative values of AT, indicate that the thermal lens 1s always posi-
tive.

An important factor limiting the output power of such lasers is the limiting
temperature gradient sustained by the active element without rupture.
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Therefore the methods of improving the thermal strength investigated in §1.5

_ and used recently for "athermal" laser phosphate glass [58, 59, 70] have im-
portant practical significance. For certain types of technological lasers,
the choice of phosphate glass with small values of the coefficient of thermal
expansion (less than 100 - 10°7 K~1) and increased thermal conductivity makes
it possible to increase the maximum temperature gradient in the active element
[497, 499] and it ensures an increase in the output lasing power (with simul~-
taneous increase in radiation divergence).
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Figure 5.19. Focal power of a thermal lens as a function of the temperature
gradient AT between the edge and the axis of the active element
made of LGS-I glass (a) and LGS-M glass (b) for T = 0° c.
1, 3--r-polarization; 2, 4--¢-polarization; 1, 2--t = 0; 3, 4~--
E=1,

Tables 5.8 and 5.9 show the parameters of pulse-periodic lasers using silicate
and phosphate glass. The table data are not exhaustive and serve only to in-
dicate the possibilities of active elements made of glass and approximate com-
parison of glass of various types, for the laser parameters depend on an en-
tire series of factors. At the same time, from the tables it is obvious that
phosphate glass ensures higher lasing power and efficiency and less angular
divergence of the emission for active elements of similar size. According to
the estimates of [500], the use of active elements made of phosphate glass inpro-
duction lagers permits.achievement of lasing efficilency which is 1.5 times
greater than for silicate glass, 1.5 times less radiation divergence and twice
the pulse repetition frequency. In reality, for "athermal" phosphate glass
the gain in energy and divergence is even more. Here the lasing efficiency
for "athermal" glass (type LGS-I, LGS-M, GLS-22, and so on) remains high for
high average pumping power.
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Table 5.8
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*) The divergences are presented in the vertical and horizontal planes for
a plate element.

Key: (1) Type of glass
(2) Lasing mode
(3) Type of active element
(4) Size of active element, mm
(5) Tulse repetition frequency, hertz
(6) Pumping energy per pulse, joules
(7) 1lasing energy, joules
(8) Efficiency, %
(9) Angular divergence*, minutes
(10) References
(11) Plate
(12) Silicate
(13) KGSs-7
(14) LGS-...
(15) Free
(16) Giaat pulse
(17) Cylindrical
(18) Vertical 7, horizontal 28
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, . {81}
Q-88* Mopoumnyaue- » 26,3X76 5 14 10,09 | 0.8 14
whii - (14)
Q-88* (13) » » 26,3X76 15 i1 0,065 | 0.6 1
Li-Nd-Y® Cuoﬁo,vmzlii . 25X 50 10 100 0,65 | 0,65 - 1497)
Li-Ng-VO » UAN -, Z5%50 1 wfods ||l
Li-Nd-YQ Monoumnyiibe- » 5% 50 1 32 0,45 | 0,47 — 1499)
HuiE (14) .

*) The proportion of the lasing energy in the given solid angle is indicated
in parentheses

Key: (1) Type of glass
(2) Lasing mode
(3) Type of active element
(4) Size of active element, mm
(5) Pulse repetition frequency, hertz
(6) Pumping energy per pulse, joules
(7) Lasing energy, joules
(8) Efficiency, 7%
(9) Angular divergence*, minutes
(10) References
(11) GLS-...
(12) LGS-I
(13) Li-Nd-UF
(14) Giant pulse
(15) Free
(16) Plate
(17) Cylindrical
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The possibility of obtaining shorc pulses investigated in Chapter 4 (pulses on
the order of 10™!° to 10~!! seconds in duration) in phosphate glass can also
be realized in the pulse-periodic mode. In [506], high power up to 0.5 giga-
watt with a pulse duration of about 5 to 100 picoseconds and a pulse repeti-
tion frequency to 12 hertz was obtained on "athermal" phosphate glass LHG-7.

The most rigid requirements are imposed on active elements during operation of
the laser in the continuous mode. As a result of large temperature gradients
in this case it is necessary to make maximum improvement of the cooling condi-
tions, which is achieved with small transverse cross section of the active
elements. For effective absorption of light in the case of transverse pump-
ing, high activator concentration is necessary. In this version the thresh-
old pumping power €threghold using the narrow-band radiation source with con-
- tinuous mode is equal to [229]

/‘_l (I'u ! l‘p)'l"-?

“th hp 2 LNok : (5.10)

where To and Tp are the nonresonance and resonance losses in the resonator,
respectively, for a double pass, h is the Planck constant, c is the speed of
11§ht, Apump is the pumping wavelength, 11 is the luminescence lifetime of
Nd*F, N gs the relative population of the upper half-level ”Fg/z, kpump 1s

the absorption coefficient in the pumping band, L is the length of the active
element. The resonance losses Tp = 2LoAP/Z, where & is the activator con-
centration, B] is the Boltzmann factor for the lower laser level, Z is the
distribution function. For glass with a concentration of Nd3*t on the order of
102! cm~? the resonance losses are significant, and they amount to several
thousand cm™t [48, 229, 232].

The product t1310kpymp Which enters into formula (5.10) and must be maximal de-
pends to the highest degree on the composition. Since for small active ele-
ments kpypp must be large, glass is required which has long luminescence life-
times og Nd*+ with concentrations to (2-4) + 10%! cm™?® and large induced emis-
sion cross section and, correspondingly, high quantum yield of luminescence.
The magnitude of the quantum yield which depends weakly on the glass matrix in
the dehydrated phosphate glass for a concentration of Na3t (4-6) » 10%2° cm™?
(only if there is no inclinatjon of the glass toward microstratification char-
acteristic, for example, of zinc phosphate or boron phosphate glass) varies
sharply with the glass composition at high Nd203 contents. It was demonstrated
in Chapters 2-4 that the least luminescence quenching is observed in ultra-
phosphate and metaphosphate glass with approximately identical content of the
oxides of univalent and trivalent metals under the condition of careful dehy-
dration of the glass. Stronger quenching occurs in glass containing bivalent
cations. When selecting the base of the glass for continuous microlasers, it
is necessary to consider also the technological, thermooptical and physico-
chemical properties of glass. Absorption coefficients on a wavelength of 0.8
micron for phosghate §1ass reach approximately 70 em~! with Nd** concentration
of (3.8-4) + 10?! cm~?, and the maximum luminescence lifetime for such activa-
tor concentrations in the case of complete dehydration of the glass is 40 to
60 microseconds. Calculation shows [229] that for pumping by the emission of
semiconductor light diodes the active elements of optimal size made of
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phosphate glass with specially gelected activator concentration and small in-
active absorption can have lasing thresholds in the continuous mode which are
comparable to lasing thresholds for YAG: Nd3t crystals. The lasing on phos-
phate glass in the continuous mode is realized only for longitudinal pumping
of the active elements by the emigsion of an argon laser [229].

§5.3. Glass for High-Energy Laser Systems

When studying the propagation laws of coherent radiation in the atmosphere,
for experiments on the interaction of emission with the material and obtaining
a thermonuclear plasma, lasers with an energy of more than 10° joules per
pulse are required. Naturally, the divergence of the emission must be quite
small, and the energy density in the laser beam the maximum possible. Since
the ILN radiation energy flux density in the range of 0.3 micron to 1,000 nm
is about 0.2 megavolt/cmz, and in the best case 10 percent of the pumping en-
ergy or under giant pulse conditions. 1 percent, is converted to induced emission
under free lasing conditions, in order to obtain the indicated energy multi-
tube, multistage laser systems are used with large total ILN surface and ac-
tive elements, respectively. In these lasers the total number of ILN exceeds
102 to 103, and the total length of the active elements reaches several me-
ters.

Let us consider the basic requirements imposed on the physical parameters of
laser glass used in active elements of large laser systems.

For lasers operating in the free lasing mode, in accordance with what has been
discussed above it is necessary to select glass which for the given magnitude
of the absorption coefficient has minimal luminescence band width of the
transition l’1"3/2 > l'In/z and large quantum yield, that is, glass with maximum
product or]. As was demonstrated in §l.1, this glass will have minimum energy
losses connected with luminescence processes and maintenance of threshold pop-
ulation. ]

Since the surface strength and nonlinear properties of the glass limit the op-
erating energy density of the induced emission to values that are smaller than
or equal to hv/o, application of glass with high induced emission cross sec-
tion in giant-pulse lasers promotes more efficient use of the energy stored in
the inverse population of Nd3*, especially in the preamplification stages.

The increase in laser emission divergence (above the diffraction divergence)
is determined by the following factors: distortions of the wave front of the
emission on nonuniformities in the glass, deviation of the form of the working
gurfaces of the active elements from given, thermooptical and nonlinear ef-
fects.

Modern technology ensures high quality of active elements during series produc-
tion of them. The distortion of the emission wave front on passage through an
active element 100 cm long does not exceed 0.5) (A = 1.060 nm). Therefore
thermooptical and nonlinear distortions are becoming the basic factors in-
creasing the emission divergence.
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The magnitude of the thermooptical distortions and the active elements (51.4)
is determined by the expression

Aplz, y, 2) = O(T(z, y) —T)L

where ¢ = P * Q for a plate active element and ¢ = P * Q/2 for a cylindrical
active element, L is the length of the active element, T is the average tem-
perature, T(x, y) is the local temperature in the active element. Let us es-
timate what value of ¢ the glass must have which is used in a laser with total
length of the active element equal to 1 meter so that Ap S 0.5 - 10™* cm, that
is, so that the thermooptical distortions will not exceed the distortions of
the wave front caused by nonidealness of the glass. In giant-pulse lasers the
energy (per unit volume) stored in the inverse population, as a ru.e, does not
exceed 1 joule/cma, and at the time of achievement of the indicated population
it goes for heating the glass as a function of the shape and duration of a
pumping pulse of 1.5 to 2 joules/cms. Consequently, the maximum value of
(T(x, y) - T) does not exceed 1° C, and the value of ¢ must be less than

R 5 » 107 K~!., 1In powerful lasers operating under free lasing conditions, the
active element is heated by no more than 5° C. Therefore the magnitude of ¢
must not exceed 10”7 K™!., If the lasers operate in the repeated pulse mode
with repetition period less than the time of complete cooling of the active
elements, the established temperature gradient is tens of degrees, and more
rigid requirements are imposed on the thermooptical_characteristics of the
glass: 1in addition to the condition ¢ * 0 for T = T, it is necessary that
3¢/3T = 0, for the latter value determines the temperature range inside which
the conditions of smallness of the thermooptical distortions are satisfied.
In the case where the laser emits a series of pulses (after which total cool-
ing of the active elements takes place), the value of (T(x, y) - T) increases
continuously during the course of the working cycle, and the average tempera-
ture increases by AT > (36/3T)"1, it is possible to minimize the thermooptical
distortions as follows.

For active elements, glass with & = -(3¢/9t)AT 1s selected; the heating of the
active element during lasing leads to a gradual decrease in the absolute mag-
nitude of &, and at the end of the series, where the temperature gradients are
maximal, ¢ = O and correspondingly Ap(x, y) = O.

As the measurements show, the thermooptical distortions in the active elements
- in the form of a plane parallelepiped with a cross section of 40 x 240 mm made
both from phosphate and silicate glass with neodymium concentration (1.4-2.0) -
102° cw™?, and the greater part of the cross section are close to cylindrical.
They are about 0.2\ in an active element 720 mm long with pumping of 250
kjoules. In giant-pulse lasers which use these active elements, the thermoop-
- tical distortions can be compensated by a cylindrical lens, the curvature of
which is connected at the time of lasing to the curvature of the wave front of
the emission. In lasers operating in the free lasing mode, the thermooptical
distortions are equivalent to a lens with variable focal length; therefore in
order to compensate for the distortioms, an optical system coupled to the
: thermooptical lens is required, the focal length of which varies proportionally
- to the pumping energy absorbed by the active element. It must be noted that
the thermooptical distortions at the edges of a plate active element (in an
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area making up 20 to 30 percent of the area of the output end) have complex
form, and therefore they cannot be compensated by cylindrical or spherical op-
tical system. In active elements of cylindrical form excited by the emission
of illuminators with 4 to 6 tubes, nonuniformity is observed in the inverse
population distribution and heat release both in the radial and in the azi-
muthal directions. However, the indicated nonuniformities can be decreased to
20 percent of the values at the coenter even in an active element with a diame-
ter of about 100 mm by selection of the configuration of the reflectors and
decreasing the Na3+ concentration in the glass, and the thermal lens can be
made almost spherical.

In lasers with disk active elements, the basic thermooptical distortions are
caused by heating of the air between the individual active elements (dn/dT of
the air is on the order of 10~% K~!), by the ultraviolet part of the pumping

~ emission. In order to attenuate the purping in the ultraviolet region, pyrex
glass filters are used. The volumetric thermooptical distortions in disk ac-
tive elements are small, for with uniform pumping with respect to aperture of
the active element, the variation in the optical path in the glass as a result
of volumetric thermooptical effects must have the same magnitude over the en-
tire cross section of the laser beam even for poor thermooptical parameters of
the glass. According to the experimental data, the total (surface and volu-
metric) thermooptical distortions in the laser containing six disk elements
with light aperture of 10 cm and total glass thickness of 18 cm, amount to ap-

- proximately 0.5) for pumping of 70 kjoules [349].

The distortions of the wave front of the emission caused by nonlinearity of
the index of refraction significantly increase the divergence of the emission
and decrease the flux demsity which can be obtained, focusing the laser beam,

- if nonlinear variation of the phase on propagation of the emission in the la-
ser system is much greater than . Here the maximum radiation flux density
which can be obtained for a given quality of the wave front, as was noted
above, is proportional to (oNgy)2/y. (The induced emission cross section o and
the nonlinearity coefficient y are constants of the glass.) Obviously, the
nonlinear phenomena are manifested completely for pulse durations such
that the condition

L

20 [y @y ai >
0

is satisfied for flux densities less than the threshold of optical breakdown
of the glass surface.* For phosphate glass, the duration of these pulses is
less than (0.5-1) - 10-° seconds.

The authors of [507] propose selection of the glass for laser systems in the
picosecond range by the cost of 1 joule of focused energy Z4, using for this
formula

* According to the data presented in [507], the surface breakdown thresh-
old of the glass for different types of %1355 is 50 to 120 gigawatts/cm2 with
a laser pulse duration of about 2 - 107*Y seconds.
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where C 1s the cost of the glass, S is the area of the output end. For lasers
with a pulse duration of 107° to 10~° seconds, the optimal phosphate and
fluophosphate glass with n2 = (1-0.,5 - 10'13 em?/volts? and o> 3.5 » 10720
cm?, and with a laser pulse duration of 510~'° seconds, the fluoberyllate
glasses with np < 0.5 10~*? cm?/volts? are the best.

In lasers in the nanosecond range, nonlinear effects are not so significant,
and the cost of the focused energy is determined by the ratio of the product
of the energy density for which breakdown of the surface of the glass
takes place, Ep for the energy stored in the inverse population, to the magni-
tude ¢f the saturating signal, Es = hv/o multiplied by the thermooptical con-
stant of the glass:

I, NgV

PP
L R

where V is the volume of the active element in the laser system.

The types of phosphate laser glass produced in the USSR are distinguished by
good optical properties (and the LGS-M type glass also has a small value of
d(P + Q)/dT = 0.09 - 10~7 K~2), they have  high values of the induced emission
cross section of neodymium, and therefore they are used successfully in lasers
in the nanosecond and millisecond range. For lasers that emit pulses shorter
than 10~° seconds, glass of the KGSS-1161 and LGS-M types, for which np =
10713 cm?/volts? are the most suitable.
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CHAPTER 6. ERBIUM-DOPED LASER GLASS
§6.1. Specific Nature of Erbium Lasers and Requirements on the ActiQe Medium

The induced emission of Er’+ ions in glass was girst obtgined in 1965 by Snitzer
and Woodcock [312] on the resomance tramsition Iis/z + Lis,,, Mase = 1.536

microns (Figure 3.3). The efforgz [204, 508] to obta}n 1asin§ on transitions
from higheruexcited“states of Exr®" ions, for example 33/2 > 113/2 (Alase v 0.85
o/2 -+ '113/2 (Alase v 1.l microns), in contrast to crystals, did
not yield positive results inasmuch as the luminescence from these states in
glass is sharply quenched " by the processes of multiphonon nonradiation re-
laxation of excitation (§3.4). The specific nature of erbium lasers consists
primarily in the fact that the accumulation of the excitation energy on the uppar
laser level in erbium glass is realized predominantly (or completely) through
the sensitization chamnel for the effectiveness of direct excitation of the
Er3t ions is extremely low as a result of relatively weak and rare absorption
bands of the latter and the necessity for introducing erbium ions into the active
medium in the smallest gossible concentrations on the basis of the three-level
lasing system. For Er3" ions, the b2+ ions turn out to be effective sensitizers..
Yb2*t ions have a unique, but powerful (especially for high Yb3t concentration)
absorption band in the range of 0.9 to 1.02 microns with "effective" width on
the order of 1000 cm™* (Figure 3.3 and 6.1). At the same time, the Yb3T ions
can be in turn sensitized by Nd%+, cr3t, ce3*, Mo?t ions, and so on [48, 82],
which theoretically permits the use coefficient of the emission of the pumping
tubes to be increased still more. Under such conditioms, the energy charac-
teristics of erbium lasers (EL) are determined to a decisive degree by the
BPV efficiency  in the Yb3T-Er®% pair. The latter limits the minimum admis-
sible concentration of the Erst ions, it forces an increase to the limit of
ANy, and basically gives the choice of the chemical composition of the glass.
The maximum concentration of the yp3tions which canbe introduced into the glass
without having a sharp negative effect on its technological properties (crys-
tallization capacity, optical uniformity, and so on) usually is (1.5 to 2) °
'1021 cm™? (relatively rare glass compositions in which Ay; can be increased
to (3-4) - 10 1 cn~3, unfortunately, do not have the required level of adapta-
bility to manuf=cture). For such Hu h§§h quantum yield of the excitation
Exr® (

energy transmission in the pair b2t - L4, * 1) can be insured (depending
on the used matrix) for e = (1,5—5) 10" cu-? 8(§3,3), Consequently, con-
sidering the losses in the laser cavity, in order to reach the lasing thresh-

old it is necessary to excite at least (1-3) 1019 cm~3 Er®* ions. These

micron) or F
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Figure 6.1. Standard absorption spectrum
of Erbium-doped phosphate laser glass.
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excitation levels are already quite high. For comparison let us point cut that
in neodymium glass lasers with blind resonator mirrors the lasing threshold can
be reached with a Bopulation of the metastable state of the Nd®t ions on the
order of (1-2)-101 cm 2, and under optimal operating conditions, the latter
doeianot usually exceed 11018 cm™® under free lasing conditions and (2.5-5) *
108 cm™3 under the amplification conditions of short pulses (Chapter 4). In
erbium glass, even the best with respect to BPV efficiency, the minimum Er®

ion concentration must in prictice be greater than the above indicated values,
within the limits of (Mg)mip & (2,5—5) - 10' cuS. The fact that is at high
excitation levels, as the Er®". ions accumulate in the metastable state under
the effect of a pumping pulse, the BPV process  efficiency decreases signifi-
cantly. Frequently this is connected with impoverishment of the population of
the ground state. Another effect appears to be more important. This effect
consists in primary knockout of the acceptor centers from the quenching process
with maximum probability of donor-acceptor intetractions. According to what
has been discussed in Chapter 3, for the above-indicated ratios of the Yb3*

and Er®t ion concentrations in erbium laser glass, the kinetic phase of the BPV
process is realized, that is, excitation energy migration with respect to the
donor subsystem is so intense that the limiting factor of the quenching process
is the excitation runoff rate to the acceptor subsystem. At low pumping levels
the runoff takes place primarily through the acceptor centers, the donor vicinity
of which approaches them to the maximum (to the minimum admissible distance Rmi
(§3.2)). At high pumping levels, under conditions where the migration process
is absent in the acceptor subsystem (A, is small) and t LT , Where

tpump is the pumping pulse duration, such centers, beingpumpexcit%de to the

first stage, are knocked out according to the pumping pulse effect from the
BPV process, and the effective rate of the BPV process can drop significantly
faster than would be expected beginning with the dynamics of the decrease in
population of the ground state of the Exr3t ions. It is also possible to men-
tion other important principles of the accelerated decrease in W during intense
pumpings. In order to compensate for the indicated effects, it is also neces-
sary to increase (/Fa)amn.

Thus, if we - also consider the relatively low use coefficient of the emission
of the pumping tubes (in spite of the presence of sensitizers), the lasing
thresholds of erbium lasers with the traditional system of their execution
using pulse tubes turn out to be very high, and under the conditions of limited
reserve with respect to strength of the latter they are in practice reachable
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only for cylindrical emall-diameter active elements (d € 10 to 15 mm). The
diameter restrictions are also imposed by the large values of the Yb3* concen-
tration, inasmuch as the active elementswithd > 7 to 8 mm usually are pumped
very nonuniformly. Thus, the possibilities of the tube version of the erbium
ldaser (ELL) are highly limited. Introduction of sensitizers into the glass
does not change the situation for the most effective of them, Nd3+, cannot be
used in sufficient amount as a result of the appearance of quenching of the
luminescence of Er®% with respect to the Er®* (“uy —*Iu;)— Na*+ (¢ vy~ *1sy,)
(§3.3), and the others have low effectiveness. As a result, the energy charac-
teristics of ELL are greatly inferior to the characteristics of neodymium glass
lasers: the emission energy is less than one joule, the efficiency is £ 0.2

to 0.4 percent [48, 85, 450]. At the same time, they find defined application
as a result of absence of other, more efficient lasers for the 1.5 micron band,
and also as a result of safety of their emission for the vision [48, 509], the
presence of windows of transparency of the atmosphere [510, 511) and good radia-
tion receivers [512].

Cardinal improvement of the energy characteristics of erbium lasers has been
achieved by transition to excitation by the emission of neodymium glass lasers
operating in the free running mode [247]. The pumping radiation in this case
is absorbed by Yb3t ions during the electron transition between the upper Stark
component of the base level 2F7/2 and the lower component of the metastable

level 2F5/2 (Figure 3.3). The initial level of the absorption transition at

room temperature is weakly populated (about 1.5 to 2) 10_2 Fon ), But as a
result of the large values of y» it is possible to insure an absorption co-
efficient on the pumping frequency of kpump approximately equal to (5 to 8) *

. 10'-2 cm—l, for which the threshold dengities of the stimulating emission,

although quite high (30 to 100 joules/cm”), are entirely attainable by neodymium
glass lasers and, the main thing, they do not exceed the light strength of the
glass (see § 1.3). At the same time, small absorption level permits uniform
excitation of large volumes of the active medium. The theoretically possible
energy coefficient of conversion 1.06 + 1.54 microns is defined by the ratio

of the quantum energies of excitation and pumping, and it is n™* % 0.69.
Although in a real experiment such values are hardly attainable, the applica-
tion of the laser excitation system permits creation of erbium lasers with high
energy characteristics as a result of high efficiency of the neodymium lasers
in the free-running mode (to 5-6 percent) and elimination of restrictions on
the thickness of the active elements. As will be demonstrated below (§6.5),
the advantages of erbium laser reemitters (ELP) of neodymium lasers are espe-
cially perceptable when constructing powerful systems for the amplification

of short and supershort pulses (KI and SKI). Indeed, high quantum yield (no
less than 0.9), long excitation lifetimes in the metastable state (on the order
of 1°1072 sec) and moderate Xalues of the transverse cross section of the induced
emission not exceeding 110720 cm? make the set of excited Er3t ions almost the
ideal medium for these operating conditions, and the application of the laser
method of exciting the active medium to a high degree eliminates a number of
the harmful effects accompanying tube pumping (for example, heating of the
active elements or transverse nonuniformity of the distribution of the excited
particles), and it permits achievement of record values of the specific stored
energy in the amplification channel (to 5 to 10 joules/cm?®).
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Let us consider in more detail the requirements imposed on erbium glass as an
active medium in order to maximize the energy characteristics of erbium lasers.
Let ue perform a theoretical analysis of the processes of accumulating Er3

ions in the metastable state and lasing of stimulated emission in the example
of the model of the ELP excited by a monochromatic square pulse of emission of a

= - and
) neodymium laser (Ipump {v,t) = 1 6(\) pump)t’ 0<ts tpump’ where vpump

are the emission frequency (sec 1) and intensity of the photon beam

(cm B . sec ) in the pumping laser pulie). The strict kinetic model of ELP is
quite complicated. Figure 6.2 shows a simplified equivalent diagram of the
levels and transitions between them de:ermining the dynamics of the accumulation
of the excitation energy in the metastable state and the lasing process. When
compiling it, along with the excitation processes, considerationwas given to

BPV and lasing and also the presence of induced absorption of the Er3t ions in
the metastable state on pumping and lasing frequencies (vlase) for which the

wings of the absorption bands corr;rppnding to the transitions ‘I“/ '*‘F5“
(vo =~ 8900 cm-') and ‘In/ -y, (v= 6100 enh) are responsible. In the
diagram in Figure 6.2 coEsideration is also given to the fact that in order to
obtain lasing in the Er3" ion system in glass, according to the analysis of the
structure of their luminescence spectra (see below §6.2) the most favorable are
the transitions from the ‘Iu/ level for one of three low Stark components of
the level ‘Ilu. separated energywise by 40 to 50 cm™ -1 (AE<<k_T). The transi-
tions to the components i-8 of the 4115/2 level lagging behind the lower com-
ponent by 200 to 500 cm™~ (AE 2 have significantly smaller transverse
cross sections (by 5 to 20 times) and in addition, they overlap more sharply
with respect to energy with the induced absorption band. Therefore the condi-
tions for obtaining effective lasing on them, unfortunately, are unfavorable.
It is also considered that according to the data discussed in §3.4, the proba-
bility of direct nonradiating transitions from the upper excited states of the
+ jons (states 3-5) to the ground state is negligibly small by comparison
- with the probabilities of staged relaxation with the participation of all of
the intermediate levels.

Using the notation introduced in Figure 6.2, the system of kinetic equations
describing the variation of the populations N, of the levels of the Yb3* and
Er3t ions during excitation accumulation on ti'ie metastable level 4113 /2 (2 A)

and generation of stimulated emission, can be written in the following form:

Nop = ayly (Nog — Nap) — Ngprap — waaNap,
Noa = 0l (Noa — N1a) 4 ToAN 24 — waaNop + wpNaa,

-"\'-. o= WyNgp — (To-; + wn) Nop — 0 Jp (Ngp — Nya) — ‘
= Gyyl s (Ngp — Nga) — Gy5ly (N2a — Nia)y
-'i':s.-\ w wy AV g — wyaN3sa + W Ny, (6.1)

-’:Vm = Wy, Nop 4 Ogelr (Nap ~— Ny — wglNa,
;V:;A = Oyl (Noa — Nya) — wanA'

" AE
Nop = Nm exp( ;;n) = const L Ny,

‘21 N(A = f{’Er-
Key: (1) lase (2) pump
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Figure 6,2. Equivalent diagram of the energy levele of the system of ions
Yb3*+-Er3t and transitions between them describing the operation of the ELP.

Ipum and I1ase are the intensities of the pumping and lasing emission

(cm™“*sec 7). Opump and olase

abngption on the pumping frequency and induced emission on the lasing frequency
(cm %), Gij are the transverse absorption cross sections between the levels I

are the effective transverse cross sections of

and J of the acceptor (cm 2). v, is the rate of nonradiating relaxation of
excitation between ipe levels 1 i d j (sec'l). w., 1s the effective BPV
rate in the pair Yb®" - Zr3t(sec™), Typ 18 the 1B8inescent lifetime of Y3t

on the levels 2F5/2 (3D), TOA is the radiating lifetime of the Er5+ ions on
4
the metastable level 113/2 (2 4).

Key: (1) pump
(2) 1lase

The strict solution of the system (6.1) must be found jointly with the solutions
of the equations for the emission density in the laser resonator (see, for
example, [3]). Considering the complex form of the function WDA(N2A)' it is

difficult to obtain it, However, for the stationary pumping mode (tg%mg;
Cihreshold >> "DA * Y328 540 V430 where t ., ... 1o1d is the time interva

from the beginning of pumping uantil the threshold inverse population is reached

ANthreshold = (NZA - NlA)threshold) under acceptable conditions
Wy, Wen wu»“n’h Ogsly. (6.2)
(1)

Key: (1) lase

it is possible to replace system (6.1) by the equation for inverse population

‘!‘%’_" = — (20,05 + TaA) AN + ' (6.3)
_ 1) ] 2"’gA°u’oN2g -—"T—‘./Y’ )
. + (oulo'*' ‘;}i + wnA AT Er |y
Key: (1) lase (2)
‘ (2) pump 212
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-1 -1
where Tia ™ ToA + Wy Equation (6.3) is nonlinear, for ¥hA f(AN)., If the
form of the function f is known, its solution can be found by numerical methods.
At the same time it is obvious that for minimization of ANt:hreshol d it 1s neces-

! sary to insure satisfaction of the condition
wpa > 7.1?1 -+ auly. (6.4)
. (D
Key: (1) pump
In this case the solution of (6.3) presents no difficulties. In the initial

phase of operation of the laser when the induced emission is absent Ilase = Q)
and the process of charge accumulation takes place on the level 2A,

AN (f) = (A= frgr) — he~"5ah, (-
where A= 2?‘{ )I., Nunta.
(6.6)
Key: (1) pump
B Hence, it is easy to determine the time tthreshol d:
' (6.7)

.
tnop = TuA In b—_". — (-":I-.;—ﬂ‘vuop)}'
)]

Key: (1) threshold M

and the threshold pumping energy density of the active medium of volume V:

’ounop = hVuVIo lauN-.zn + pll ..|-
T @ oy 025U+ el rop .0

Key: (1) pump threshold
(2) pump
(3) threshold

which must approach the minimum value

‘(rn non)"“" ~ 0,5’&\';;" (./Y’Er + ANnop) X )
ey « [ 1 4 Pt 0250, (AN, $3) £a) (6.9)
(2) TuN oy '

Key: (1) pump threshold
(2) pump
(3) threshold
on satisfaction of the condition tthreshold << TlA as a result of an increase
in IG' In these formulas Bpump is the coefficient of inactive losses in the
-1
glass on the pumping frequency (cm ), and ANthreshol q’ 28 1s easy to demonstrate,

is defined by the expression
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Key: (1) threshold (2) lase (3) i

(6.10)

where Blase and Bi = 1/ )in (R)-1 are the coefficients of inactive

211330
losses on the lising frequency and the losses to emission in the laser cavity

“ (cm'l), respectively, R is the reflection coefficient of the output mirror of
the resonator, 1 ase is the length of the active element with respect to the
- lasing channel. Then considering the known equations for the radiation
density in the laser cavity [3], simple but awkward calculations permit us to
a obtain the following useful expressions for the output power € . and the
) efficiency (n) of ELP under quasisteady lasing conditions:
. - s emvpmm— B
Epux =2 thVQEIA (kwops 1o P ~ (1 —0,5 g-?-‘) X
@D (2) 3) By I Br ""0'5_024"1 Br ( g,
|08 (et sz,m,'—',‘q (6.11)
. quA"nA (ku)adnp Io '
N q, Yp (kn)opg(t — 0:59,,/9) % :
A vy (kn)opp T Ba 0,50, (Fpr + AN 0p)
ﬂu 0,56 ("“Er + ANnop) I—l -1
X ﬂu + Br + 0,50“”31_[ th (kH)BtI)@ ID (TIIA tia ):I. (6 . 12)
Key: (1) out (3) eff (5) threshold
(2) lase %) 1 (6) pump
wlase
1
Here qlase —-—-—J@é—:r—— is the quantum efficiency of energy transfer in the
_ DA YDA + L2}
pair b3 -Er3t for the steady-state level of inversion
h re ) 1
wna ~ wpa+0,5 (Fg — ANn(opf = const, (6.13)
(ka)sop = Ou Ny — Ny = (“Ba T %) Mynoy
‘ @ @ - Ghtut
Key: (1) threshold (3) pump

(2) eff

The last expression takes into account the possibility of violation of condition
(6.4) leading to a decrease in the effective value of the absorption coefficient
on the pumping frequency. The value of the probability wld5€ ohyiously is less
than the values measured for low excitation levels. However, it is significant
here that it approaches a steady-state valuedetermined by the residual population
of the basic level of 1 A, for with the ogcurrence of lasing, the effective
radiating deactivation of the excited Exr3" ions permits the acceptor centers,
the efficiency of the interaction of which with the donor surroundings is maxi-
mal, multiple participation in the BPV process even in the absence of migration
of excitation energy with respect to them.
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Analysis of expressions (6.8), (6.10), (6.11) permits discovery of the following
conditions, on satisfaction of which the efficiency of the ELP must be close to

the maximum value of nBaX v /v
ase’ “pump

w,
L (5)

1)9n B
3 i ,
_)(m§@¢>>ﬁ"j(LmyﬂtfmkaA,mw;
2 A= ) 2
DT) P B i 0,560,400 (4)

4) a,, K 20,5 (1) (6.14)

5) L Kwiiagu;
NEr - Alen Air - ANnup
291&.\ Iy (Au,.-wm 2"fl.A":lA (*w)ods

0)103>

Key: (1) lase (4) threshold
(2) H=pump (5) ¢
(3) eff

Condition 1) defines the minimum ErS+ ion concentration in glass and, consequeatly,
the threshold pumping energy and I.. In order to decrease them, it is necessary
to find matrices with the largest possibic values of w According to the re-
sults of Chapter 3, the greatest efficiencies of ttans?er in the Yb3*-Ers* pair

are realized in phosphate and borate glass. Considering that w%:se = wp, (for
1

. Ny, = (0.4 to 0.5) #%,), we find that in this glass usually qD”e > 0.9 for

Mg, > (3—4) 10 e For comparison let us point out that in silicate glass it
is required that at least g, = (8—10) 100 cy=3;

The presence of induced absorption on the pumping frequency complicates the
satisfaction of condition 2) For the actual values of kp ¢.5 10' cm™
Bomp = (1721073 cnl and 0.5 (i #AN, ) =2 21619 a3, the value

- pump -22 2
of 0,. must be less than (1-2)°10" ““cm“. Otherwise, this absorption will greatly

decréase the efficiency of ELP. Experimental measurements of the level of induced
absorption [413] demonstrated that condition 2) 1s critical. Phosphate glass in
which 0,. is less than in silicate glass, has an advantage. In general, it is
necessary to select matrices with large op“mp and shift vpump as far as possible

to the high-frequency region. Phosphate glass is alsoc from this point of view
preferablg, for it has larger values of opump compared to silicate glass, and

as a result of larger w is

DA under identical conditions (k

) +k
pump’eff ~ “pump
insured for higher 10.
Condition 3) reduces to the requirement of insuring the minimum level of inac-

tive losses on the lasing frequency. The small cross section 0} ase limits the

possibilities of satisfying the condition 3) as a result of an increase In f
by decreasing R. In addition, the presence of induced absorption in the lasing
region is equivalent tc an additional decrease in the effective value of the
induced emission cross section to a value of G*lase-‘Jlase - 0.5024). Thus,

the requirements on the purity and optical uniformity of erbium glass are nuch
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more rigid than in the case of neodymium glass. Here, the glass must be puri-
fied not only of accompanying admixtures of rare earth elements and transition
metals, but especially the hydroxyl groups dissolved in the glass. The absorp-
tion coefficient of the hydroxyl groups in the range of 1.54 microns increases
compared to the region of 1.06 microns by 70 to %00 times (see Figure 3.21),

and it becomes highly significant (about 1.5-10" el for £ = 1-1017 cm=2

in phosphate glass). Consequently, erbium glass which is sugxéable for applica-
tion in lasers must be carefully dehydrated. The requirement on the dehydration
level ensuring minimization of Byage approximately corresponds to the require-
ment ‘Wop  (5—7)-10' ¢},  following from the condition qg, * 1. The influence
of the induced absorption would be insignificant for oy <1.10-2 ¢y8 ~ This
requirement is much more rigid than condition 4). Towhat degree it is satisfied
has not been successfully established at the present time. The maximum of the
corresponding absorption band (the transition 41 2 419 2) lies, as has  _
already been pointed out above, near 6100 co~1, %gfch is approximately 400 cm
less than V ase’ The intensity of this band, judging by thz results of reference
[361] is commeénsurate with the intensity of the transition "I 5/2 - 113 .
Therefore, in spite of significant shift of T)l e with respec% éo the maéimum,
the value of 0y, can significantly exceed the 486ve-indicated limit. Some
estimates of 94 will be presented in §6.3.

Condition 5) imposes an upper bound on the pumping emission intensity as a result
of the finite value of wi25€, Condition 6) is equivalent to the requirement

that the intensity of the pumping emission significantly exceed the threshold,

inasmuch as usually tpump < T1a® It imposes a lower bound on the optimal values

of I . Let us estimate to what degree conditions 5) and 6) are satisfied in
different matrices. For silicate glass when /g =8-10" cu-? usually

lase — ~4Y+103 -1 = 1.10-21 2 ~4) 1024 cm=2-
ViR (2.5-4)-10° sec™, cpump = 1-10 cm®*., Then I0 << (2.5-4)°104% cm

sec , which for pumping duration of t wmp 5.10~8 seconds corresponds to a

pumping radiation energy densit; of 2500 to 4000 joules/cm®. On the other hand,
condition 6) gives I, >> 2,2-10 3em~2-gec-1 (210 joules/cm?). Thus, it is dif-
ficult to satisfy bogh of the conditions 5) and 6) in the case of silicate glass

_ immediately. For phosphate glass when /g = 35 10" cu-3, wﬁgse =0.65°10 sec™1,
opump = 2:10"21 ¢m? and kpump = 6:1019 cm™L, condition 5) has the form

Ty« 3,3-10* cm— -sec'1£3100joules/cm2), and condition 6) is the form of
Io>»82 102 eu~?- gsec™~(77 joules/cm®). These conditions are less rigid than for
silicate glass, but they are also quite stressed. Their satisfaction is com-
plicated with a decrease in ty ;.- It is also necessary to note that the
pumping energy densities required for realization of high efficiencies are

- very high even for the laser method of excitation. For silicate glass, they
exceed the radiation breakdown threshold of the glass with respect to platinum
inclusions (700 to 1000 joules/cm?).

Thus, the performed analysis demonstrated that under optimal conditions the
energy efficiency of the ELP can approach the theoretical limits. Here the
integral brightness of the emission of such ELP can exceed by one and a half
to two orders the brightness of neodynium lasers [247, 413, 535]. However,
the achievement of high energy characteristics of the ELP in the free rumning
mode is possible only under very rigid conditions requiring optimization of
the chemical composition of the glass and concentrations of the activators,
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high radiating strength of the glass, high energy densities of the pumping
emission and maximum shift of the emission wavelength of the pumping laser

to the shortwave side (to 1.050 to 1.054 microns). The best matrices for

the working material of the ELP are phosphate materials having decisive advan-
tages over silicate. Only borate glass could compete with them with respect
to BPV efficiency, but in borate glass the quantum yield of the Er3t ion
luminescence, unfortunately, is extremely low (S 0.07) as a result of the high
efficiency of the MFR processes (§3.4). In the phosphate glass series prefer-
ence must be given to the compositions permitting introduction of the largest

possible concentrations of Yb®* ions having both high o and maximum
pump’ %1ase

transfer efficiency in the yp3t-gret pair without having negative effects on
the technological characteristics. According to the results of §3.3, they
should be found among the systems permitting maximum approach of the rare earth
ions, that is, having minimum Rmin'

§ 6.2, Spectral Luminescent Properties of Erbium Glass

Figure 6.1 shows the standard absorption spectr.. of erbium phosphate laser
glass. It consists of a small number of relatively weak and narrow bands in

. the visible and near intrared regions of the spectrum. The most intense are
the bands with peaks about 522 and 378 nm (the oscillator strengths are
5.7-10"6 and 12-10'6, respectively). The remaining groups of the bands are at
least an order weaker. A detailed analysis of the absorption spectra, detailed
data on the powers of the oscillators of the transitions and positions of the
band peaks and also the parameters calculated by them (in some cases) for the
crystal field, can be found in the following papers: for silicate glass [361,
364, 516-518], phosphate glass [191, 193, 204, 361, 405, 411, 508, 516, 517],
borophosphate glass [193, 361, 517], fluophosphate glass [191, 345, 517],
borate glass [405, 411, 508, 517], germanate glass [405, 411, 508, 5171,
tellurite glass {361, 403, 411} and fluoberyllate [361, 517, 521, 522]. A
comparison of the data presented in them permits the conclusion to be drawn
that the chemical composition of glass has less influence on the form and the
position of the bands than was observed for the Nd3* ions. For example, in
metaphosphate glass with different modifiers (elements of the first and second
groups) and also in borophosphate glass the form and the position of the
absorption bands of Er3t do not change in practice [193]. Only on comparison
of them with other types of glass are differences noticeable. It is possible
to be convinced of this in the example of the resonance absorption band corres-
ponding to the laser transition (Figure 6.3). The resolution of the transitions
varies more significantly. With some exceptions, it increases in the series

of fluoberyllate-alkali and alkali earth silicate—aluminocalciumsilicate-
f1uophosphate—borophosphate—phosphate-germanate-borate—tellur1te glass (7-8
times for "supersensitive" tramsitions “u; =‘lu;; *Huy; Guy, with

AJ = 2 and 2 to 3 times for the remaining transltions, including for ‘Iu/ =¥‘IU/
which, according to [518], correlates with the decrease in symmetry of the
local crystalline field in the vicinity of the rare earth ions in this series
onf glasses. The resolution of the transitions varies noticeably also as a
function of the type of modifier. For example, in tinary alkali earth phosphate
slass (50.5 MeO, 49.5 P O5 molecular percent) the integral absorption cross
section of the transition hs/-+‘1"h increases by 1.35 times in the Mg~Cd
series (to 4.2° -108cm? - sec 1), ‘then it decreases somewhat for Ba [519].
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In the luminescence spectra of the majority of compositions, a unique intunse
band 1is observed with peak at 1536 nm corresponding to the resonance transi-
tion *fuw;,—~*Iw; (Figure 6.3). Only in fluoberyllate and especially in the
tellurite plasses do the bands corresponding to the transition *Ss —‘Iisy
(550 nm), ‘Iu“-*‘hq. (about 990 nm) and 'PV,—v‘Iuh"(about 320 nm)- | 345,
361, 521, 522] have noticeable intensity, which is caused by lower probability
of nonradiating degredation of the high excited states of the ions in these

- types of glass (Chapter 3).

In contrast to the correiponding absorption band, the form of the resonance
luminescence band of Er®’ ions depends strongly on the glass composition (Figure
6.3). Its halfwidth_in phosphate glass is greater than in silicate glass

Av = 135 and 115 cm} respectively), and depends insignificantly on the type

of modifier. In fluophosphate and especially in borate glass, the value of

AV, increases sharply (in the latter, to 400 cm‘l), which is connected first

of all with growth of the relative intensity of the tranmsitions from the upper
Stark components of the 113/2 level forming the high frequency wing of the
luminescence band at 300K. Simultaneously, in the series of silicate-phos-
phate fluophosphate-borate glass, the transverse cross section of the induced

. T
Z ) k.

Figure 6.3. Luminescence (1) and

absorption (2) bands of Er3t ions

Zorresponging to the transition
113/2 2z 115/2 in Li-Mg-silicate

(a), Ba-Al-phosphate (b),
fluophosphate (c) and Na-borate
_ (d) glass. 300 K.

Here and in Figure 6.4 the absorption . o4

cross sections are multiplied by , -
-1. oo

7000 v, cm~1

- G4
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emission decreases at the luminescence band peak 0 . Let us note that this

series is almost inverse to the one presented above 83fere we were talking about
the integral cross sections of the absorption bands of Er®t ions. This apparent
contradiction is explained by differences in width and shape of the luminescence

bands. In Table 6.1 complete information about 9 and the positions of the
maximum resonance luminescence band taken from various sources are collected.
The differences in the presented values of © do not exceed 50 percent. This

is much less than the observed differences for %eodymium glass where they reach
three times (and even more) (Figure 4). Among Ehosphate glass, according to
[519] the value of Olase increases from 6.3+107<* to 8°107 21cn? in the series

of modifiers Mg-Ca-Sr, then decreases to = 7.5°10~21 cm2? for Cd and Ba. How-
ever, the indicated differences are not too significant. Thus, it can be con-
cluded that the possibility of a significant increase in Olase by finding the

optimal compositions for erbium glass obviously is excluded.

Measurements of the absorption and luminescence spectra for low temperatures
permit us to obtain information about the position of the Stark components of
the levels and 41 and also the magnitude of the nonuniform broadening
of the bands coéresponding %o the transitions between these components. In
Figure 6.4, the spectra of this type that we obtained are demonstrated for a
temperature of 4.2 K for Na-K-La-Ba-silicate and Na-Mg-phosphate glass and also
approximum expansion of these spectra into individual components. It is obvious
that the degeneration of the indicated levels in glass is completely removed,

and each of the terms is expanded in 2J + 1 halflevels. The opposite conclusion
drawn previously in [517] is explained obviously by low accuracy of the record-
ing. In Table 6.2 the positions of the Stark components on the energy scale and
estimated values of nonuniform broadening of the absorption or luminescence
bands connected with them are presented. The obtained values of AV for
phosphate glass turned out to be larger than for silicate glass, ang.fogously

to the results found by us for the ¥b3* ions, and opposite to the situation in
neodymium glass. On the whole, the magnitude of the nonuniform broadening of
the Er3t ion bands is appreciably less than for the Nb3t ions.

Few experimental studies have been made of the induced absorption spectra of
Er3t ions in glass. A strong band in the 20,880 em~L region was detected in
reference [525]. This band was attributed to the transition to the K15/2

2(;7 2 levels, and weak bands were detected in the regions of 19,250 ’

4

=+ G ) and 15,400 c:m-:L (the transition is not established) in multi-

9/2
component silicate glass. More complete and exact data were obtained in

[361, 526] for Li-Mg-Al-silicate and Na-Al-phosphate glass where the induced
absorption bands corresponding to the transitions on the 419/2 level (about

4
6100 cm ), 3/2 11/2 (122450 em ), 7/2
(13,950 cm ), - (15,550 cm ), (15,950 em ), (18,050 cm l),
{2 3/2 9/2

4 2 2 -1

011/2 (19,850 cm ), 9/2 (20,850 cm ) and G7/2, 15/2 (21,550 cm™t bands
(Figure 6.5). Here the band with maximum at 6100 cm ~ turned out to be ome of
the most intense. Let us note that the authors of [361, 526] diverge with the

generally accepted classification of Er3t ion levels (see, for example, [95,

(approximately 11, 750 cm ),
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Table 6.1

Glass composition a0 2| oo Data
RE R Source’

molecular % lase

79,5 Si0;, 8,1 Nay0,
2,0 BaO, 2,4 YbO;, 0,50 6510 (312)
8,0K,0, Q,04 Er,0, ‘

57 Si0,, 26,4 Lis0,

1,8 ALO;, 138Mg0, . . | 077 6510 | [339,519]
i Er,O. v ' ' '
) 19,5 P,0,, 49,5 S0, T

| Er,0s ~ 08 |. 650 (5101
49,5P,0,, 495¢d0, . . | ¢ v o
1 Ery0, ' 0786 | 6510 (519)
49,5 P,0,, 49,5 MgO0, .

1 Eny0, . 0,63 6510 (519]
56,3 P,05, 25700, R \
12,5 AL,0,, 5,2 La,0,, 0,74 8510 (518)
1 Er;04 ’ . .
84 B,0;, 14,8 Ne;O, 10,50 6650 [s18] . v
1,25 Er0y . ‘ 0,42 6510 Co
58l9 pﬁobv 24:7 zno| o o . . .
11,2 Al,0,, 5,2 Yby0,, 1,11%) 6510 [528) - '
0,18 Er,05 oo :

50 P,04, 37 BaO, . , .
12,5 AL0,, 0,5 Exg0y 0,70 8510 (o1, 247]

*) The measurements were performed for 77K

100, 338] and so on), according to which the induced absorption bands with peaks
in the vicinit; of 18,050 em~1l and 20,850 em~! must correspond to transitions
to the levels “Hg,, and 2G9/2, respectively. The band corresponding to the
transition 113/2 -+ 4F9/2 (near 8800 cm-l) was not detected in these experiments.
On the cintrary, in [527], the presence of induced absorption in the 9400 to

© 9250 cm — region in erbium glass was noted, which was later related by the
authors to the indicated transition [413] (Figure 6.6). However, as a result
of experimental difficulties, they were unable to reproduce the absorption band
curve completely, and the presented data are limited to a segment of its short-
wave wing. From Figure 6.6 it is obvious that on the pumping frequency of the
ELP (1.055 micons) phosphate glass with a concentration of A’ =310 eM3
with specific absorbed energy of about 5 1ou1es/cms has an induced absorption
level approximately equal to 7.5'10"3 cm ©, which is 1.3 times less than in
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Figure 6.4. Lumiriescence (1) and absorption (2) bands of Er3+ ions in
Na-Mg-phosphate (a) and Na-K~Ba-La-silicate (b) glass at 4,2K and the
approximate position of the Stark components (dotted lines).

Data on the cfoss section are increased by five-fold in figure b in the
6000-6200 cm — range. '

silicate glass. Hence, it is possible to obtain a value of 0, = 3'10_22cm"',
which must be considered as the lower limit, for the population of the metastable
level is explicitly below the value estimated by the absorbed energy.

As was already noted in § 6.1, an important characteristic of erbium glass is

the absorption coefficient kpump in the region of emission of pumped neodymium

lasers (1.055 to 1.06 microns). The form of the absorption band of Yb3+ ions
in phosphate glass with high concentration of them is illustrated in Figure 6.1.
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Table 6.2
Na—K—Ba-La-810,- glasy  Ba—Al—P,0s-glass
Level vi—9; , ol a7 ! v":—-?fl‘. o] B il
e » pump punp
yenn ‘
Componeints 0 3 0 -
2 - 28 18 29 /
3 .62 . 30 S O 50
4 107 35 14 84
5 220 ~60 ~130 ~068
6 =300 ~10 ~270 =10
1 w440 =170 3320 =10
8 500 =15 ‘ #370 ~80
:Iuh N
Conponens ™ 0 13 0 17
2 3 16 18 18
3 51 18 4 26 -
4 5 25 69 35
5 230 ~40 ~132 060
6 =3280 A =190 =65
7 =330 ~52 250 =80
1 ar ]
v Gz 4y,
Q . .
. 4 .
qus e : o 265,
e, Bl K : e
Hupe A
i |£l 1 L L 1 1 1 L
s 7 " " " 2 o
' v, Wem!

Figure 6.5. Induced absorption spectrum of the Er3+ jons from the 4113 /2
level according to [361]. For tranmsition to the 419 /2 level, the scale

along the y-axis is dimished by twofold; for the tramsition, to 469 /2 by
tenfold.

N

' .
. "; 7y N\\[ .
Figure 6.6. Spectrum 2f the induced absorption ', S
of Er®' ions from the 113 / level in phosphate = -2 A
(1) and silicate (2) glass fn the region of 1.05 S ’ il
to 1.15 microns; the gbsorped specific pumping ¢
energy is 5 joules s Apr = 3% 10 cu—3 [413] P ——"
g8y joules/cm3; #pr =3X 10 cu—¥ 4T3[ TR (15
A, Man

Key: (1) micromns
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From this figure it is obvious that the pumping wavelength A comes at th2
edge of the long wave wing of the absorption band. The sectfORYof this wing
of interest to us for a series of types of glass with identical concentration .
of b3t ions (1.5-1021cm'3) is presented in Figure 6.7 on an enlarged scale.
As we shall see, the glass composition essentially determines not only the
coefficient kpump’ but also another important characteristic~--the slope of the

spectral curve dk /dX in the vicinity of A (§ 6.4). In Table 6.3 we
pump pump

have comparative data with respect to the magnitude of k ump on Apump = 1.055
microns normalized to the concentration v =15-10" cx=%,  in glass of dif-
ferent composition. Their analysis permits the conclusion to be drawn that
the largest values of kpump are characteristic of borate glass, which is con-
nected both with the large oscillator strength of the transition 2F7/8+ ZFS/2
gn the wholezand with the higher relative intensity of the transition

F7/8 4) » F5/2 (1) in these matrices. Unfortunately, the indicated glass

is unsuitable as laser glass matrices with respect to other parameters. From

- Table 6.3 it is also obvious that the values of k in phosphate glass exceed
by one and a half times the values characteristicpg¥psilicate glass. Among
the phosphate systems the variations of k are insignificant. Germanium
.phosphate glass attracts attention by 1ncgggged values of k . In Figure 6.8
the relation is presented for k as a function of the teggggature of the
sample, indicating that one waypggpincrease kpump is to increase the tempera-
ture within reasonable limits (by 50 to 70°C above room temperature).

b | i
Lok 1,05 /4 1,08 1,09
A, MkM (1)

Figure 6.7. Spectral relations for the absorption coefficient kpump of Yb3+
ions in the region of 1.04 to 1.09 microns in different glass. 1--Ba-Al-
phosphate, 2--Na-K-~La-Ba-silicate, 3--germanium phosphate.

Key: (1) microms
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Table 6.3
Glass kpump(l.OSS microns), YA?
10" 2ent 10%sec”!

Ba-Al-metaphosphate 6.0 11.0
Sr-Al-metaphosphate 5.9 10.8
Cd-Al~metaphosphate 5.9 10.7
Na-Mb-metaphosphate 5.0 10.5
Ba-La-metaphosphate 5.8 10.5
Ba-Pb-La~metaphosphate 5.0 12.6
" K-Ba-Al-metaphosphate 5.9 10.7
Pb-La-ultraphosphate 6.8 10.8
Na-Mg-borophosphate 5.3 9.6
La-germaniumphosphate 5.3 12
Pb-La-germaniumphosphate 7.8 13
Fluophosphate 5.3 1.9
Pb-La-silicophosphate 5.0 8.2
LGS-E 6.0 10.9
Na-K-Ba-La-silicate 4.0 2,0
Ca-Li-Al-silicate (ED-2) 5.1 3.0
Ba-La-borate 9.8 18
Na-K-Ba~Al-germanate 4.5 2.9
Figure 6.8. Absorption coefficient '+

k on A = 1.055 microns as a Y F

pump pump L

function of the sample temperature. s F

Ba-Al-phosphate glass; erb.;',,'.j T & &

<
Y

a0 a0 8 #0100 T,

The most important characteristics of erbium glass are, of course, the duration
T, Br and quantum yield 9, of the Er®t ion luminescence. In earlier works

[516, 517, 519], large scattering of the measured values of T, gy Va8 noted in

glass of different composition--from hundreds of microseconds to 15 milliseconds
- —-which the authors explain by strong dependence on the structure of the vitreous
' matrices. However, in [193] we demonstrated that the quenching of the lumines-

cence of Er®" ions takes place primarily on vibrations of the OH-groups (see

also § 3.4). Table 6.4 presents the data measured in this paper and also that

of available in the literature on T (in cases where low OH-group content is
unquestioned). Values of q, which we estimated with respect to T, /To Er
are also presented there (T was determined using the known expression relating

7. to the integral absorption Eoefficieni of the resonance band presented, for
example, in [100]) and the values of qﬁa € calculated or measured directly by
other authors. When analyzing these d5Ea it must be considered that the decay

times of the luminescence of Er®t ions measured under ordinary conditions

224
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500080015-2

can significantly exceed the true values of the luminescence lifetimes of T Er’

The result of the measurements essentially depends on the configuration and

the dimensions of the sample [193]. This fact is connected with reabsorption
- of the luminescence in the sample on the basis of resonance of the transition

4113/2 b4 4115/2 combined with high quantum yield of the luminescence. The
influence of these factors is illustrated by Figure 6.9 where concentration
relations are presented for the true values of T, gy measured on powdered samples
with a layer thickness of 500 microns and "ordinarv" values obtained on samples
10x10x10 mm®. As we shall see, for /e = {.10%cyx~? in glass with high quantum
yield, the measurement results can differ by 1.3 to 1.5 times in phosphate glass,
and in fluophosphate glass, even by 1.7 times. In the published data of Table
6.4 this fact, as a rule, was not taken into account, and therefore the series
of percentage values with respect to Ty is explicitly high. The same thing
must be said of values of q, . Whereas Eﬁ germanate, fluoberyllate, fluophos-
phate and silicate glass the closeness of ¢ _ to one is unquestioned, in phos-
phate glass nevertheless Ur < 1l. This is Egdicated by our data on qp and

Table 6.4
Glass A'mﬂ’"wc"—a Ty gy’ 1073 sec . qgilc Data Source
Na-K-Ba-Yb-silicate 2.3 14 *) - - [312]
Silicate *%) 4.7 13 - 1.0 [413]
K-Ba-silicate 4.5 13 - 0.97 [361]
Zn-Al-Yb-phosphate - 9.0 *) - 1.0 *) [528]
Phosphate #*%) 3.0 8.4 - 1.0 *) [413]
Fluophosphate #*%) 10 12 %) - 1.0 [517]
Fluophosphate *%) 6.8 8.0 - 1.0 [513]
Pb-germanate 10 5.5 - 1.0 [361]
Ca-Mg-Sr-Pb-Al-fluo-
beryllate 15 12.0 *) - 0.96 [361]
h Ba-Al-Yb-Phosphate 1-20 7.8 0.86 Data of the
authors
1.GS-E 0.35 7.7 0.88 The same
Na-Mg-phosphate 0.25 8.2 0.83 - v
Ba-La-borate 0.15 0.59 0.07 - won
Li-Ca-Al-silicate (ED-2) 0.33 12 1.0 - won
Na-K-Ba-Al-germanate 0.28 6.5 1.0 - oo

*) The values are obviously high as a result of the influence of reabsorption.
#%) The glass composition is not indicated.

also the calculation of the probability of MFR for Er3+ ions according to the
results discussed in § 3.4. For phosphate glass the estimates give W = 10-25
sec™) which corresponds to 9p. = 0.8 to 0.92. An indirect experimental con-
firmation of the difference of g from 1 is also provided by the relations
presented in Figure 6.9. They ifficate that in phosphate glass the difference
of the "ordinary" and true values of Ty Er is less than in fluophosphate glass.
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Figure 6.9, Concentration relations for the true values of Tl Er (1, 2), and
measured on samples with dimensions 10x10x10 m® (1', 2', 3) “for Ba-Al-phos-
phate (1, 1', 3) and fluophosphate (2, 2') glass at Aoy <3- 100 -t (1, 7, 2, 2)
and fou™= .5.2 . 10" e (8).

-3

Key: (1) 1 10 ~ sec

1 Er’

The obvious reason for this is the smaller quantum yield. In phosphate glass
with still lower qp (= 0.6 for Ay, =+ 0) » concentratioa growth of T, p 1s

not observed in general as a result of introducing OH-groups for small Me
but for high concentrations of Er®" the value of T begins to fall (curve 3),
which is determined by the effect of excitation mi&rEEion with respect to the
Er3t ions. The absence of the contribution of the latter to curves 1 and 1'
confirms the intracenter nature of quenching.

Thus, the most probable value of q__ in phosphate glass is about 0.9, Direct

measurements that we performed by Comparing areas under the luminescence decay

curves of the samples made of fluophosphate and phosphate glass with

A 0,6 -10% i3 placed in the form of plates 500 microns thick under iden-
- tical experimental conditions and excited by a short (t = 35 nanoseconds)

pulse of radiation of a neodynium laser (second harmonigymgermitted direct

determination of 9, = 0.88+0.2.

P
"0

1

Figure 6.10. Standard form of the
luminescence decay curve of Er®t ions ar
in phosphate glass with the composition
BagAl(POg), taken in a large range of

intensitieg.

'A"Erﬂ <100 cM-3; 3
Hopr €310 %0M~3; gt uu, ~

Key: (1) seconds
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The data presented in Figure 6.9 also indicate that the concentration quenching
of the luminescence of the Er®' ions noted in a number of papers [339, 361, 516,
517, 519] in carefully dehydrated glass founded from a pure charge 1is absent.

It is also necessary to note that in phosphate erbium glass, the dispersion of
the radiating probabilities of the transition 4113/2 > 4115/2 is weakly mani-
fested, which is indicated by the exponential nature of the’luminescence decay
curve (Figure 6.10).

Thus, in the majority of vitreous materials in a wide range of concentrations
the quantum yield of the luminescence of Er3+ ions can be close to one, and
Ty Er? to the radiation value. Only borate glass where quenching is highly

significant on the matrix vibrations, constitutes an exception.

Values of the excitation lifetimes on higher excited states of Er3+ ions are
also of theoretical interest for calculating the energX characteristics of
erbium lasers. Insufficient deactivation rate of the 11/2 level can limit

the efficiency of the sensitization channel Yb3+ -+ Er for high intensities
of the pumping emission (§ 6.1), and also lead to the appearance of additional
induced absorption of the pumping emission as a result of the tramsition

111/2 d 2Hll/2' The efficiency of the multistage and cooperative processes

st

of [245] and, consequently, the possible number of induced color centers of
the glass which can significantly improve the level of inactive absorption

on frequencies of v and v depend on the excitation lifetime on levels
4 4 4 pump lase

of 19/2, F9/2, S3/2. and so on. Data on the excitation lifetimes on levels
of 111/2, 483/2, and F9/2 are presented in Figure 3.23., It is obvious from

this figure that the excitation relaxation rates from these states are quite

high. Borate and phosphate glass has predominance with r?spect to this parameter.
In this glass, the values are equal to approximately 4-10°, 1° 106 and 3.5°100
sec™] respectively. For the 9/2 level, the estimates give ws > 108 sec'l.

Thus, the quantum yield of the luminescence from these states in all types of
glass is negligibly small which, along with the nature of the dependence of
- the probability of MFR on the energy gap between levels AE investigated in
§ 3.4, permits consideration of the results of the measurements of the quantum
yield of the excitation relaxations from these states to the metastable state
obtained in [517] to be considered incorrect inasmuch as [517] states that, as
a rule, it is significantly less than 1. Inasmuch as the probability of MFR
decreases sharply with an increase in AE, the excitation must unavoidably relax
successively thrugh all intermediate states, including the metastable state.
The processes of nonradiating excitation energy transfer in the pairs vu3 g3t
Nd3*-yb3*, and Er3*-Nd3' and dependence of their efficiency on the glass com~
position were investigated in detail earlier (§ 3.3). Therefore we shall limit
ourselves below to the presentation of some of the useful relations and tables.
Figure 6.11 shows the standard relatioms for the parameters T
and q as a function of the concentration of the Er3% ions ii gﬁosphate glass
measured for low excitation and concentration levels of the Yb3" ifons typical
of laser glass. The concept of comparative efficiency of the BPV in various
matrices with the same concentration 4°,, and A%, =3,5-10' ca-3 can be obtained
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from Table 6.3 (the authors' data). As follows from this table, the largest
values of w A for given concentrations are observed in borate and then in
phosphate g?ass. In the latter, the quanSum efficiency of the BPV is more

than 0.9 already at p, = (2 to 2.5)'10l cm~3. Within the limits of phosphate
glass, the values of w, A differ by no more than 1.3 times. With respect to
efficiency these are aRso close to germanium phosphate glass which is attrac-
tive also because of its increased values of kpump'

e e

1dba°
i l’ t,
Figure 6.11. Standard relations for the  6f40 /{/’ /4
duration of luminescence of b3t ions 1 == =110
(Tl Yb)’ the inverse duration (1/1:l Yb) ) = .
and quantum efficiency of BPV (qDA) as " 1
W
a function of the Er3" ion concentration us
in phosphate glass; 300 K; é””
Ny = 1,5 - 102 ey, 13 e 194
Key: (1) T » 10-3sec Y e
(2)(11 Yb)-l 104 -1 a:fos e
1y 0t eee o
M3 g8 W
N 1 Bym =3

As was noted in § 6.1, in order to select the activator concentratioms, it is
extremely necessary to have information about the dependence of the efficiency
of BPV in the pair Yb? -Exr®" on the exgitation level., Figure 6.12 shows the
functional rslations that we obtained*) for the probability v normalized by
a value of L characteristic of the lower excitation levels as a function of
the relative pogplation of the metastable levels 4113 for different concen-

trations of Er3" ions. The measurements were performéa by excitation of optically

Figure 6.12. Relative rate of BPV
in the pair yb3*+-Er3t as a function
of the relative population of the 3,4
metastable state of Er3" ioms. ~§'

Ba~Al-phosphate glass;

The dotted line is the calculated
linear function. o

*) The measurements were performed jointly with S.M. Matytsin.
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thin samples by radiation pulses close to rectangular of a neodymium-doped
phosphate glass laser (t = 1.9 milliseconds, A = 1.055 microns) in-
suring an energy densitypgﬁpthe surface of the samBTgpto 500 joules/cm?®. The
sample was secondarily excited 1 millisecond after the end of the pumping

pulse by the pulse of another neodymium 1as$r with duration of about 40 nano-
seconds. The luminescence decay of the Yb3" ions after the secondary excitation
was recorded through a monochromator by a photomultiplier and it was recorded
on the screen of a storing oscillograph with wideband logarithmic preamplifier
insuring high quality logarithmization of two orders of signal intensity. The
population of the metastable level was measured by monitoring the variation

of the absorption coefficient of Er® ions based on the state in the band with
maximum at 0.52 microns. As is obvious from Figure 6.12, for small concen-
trations Ne , an accelerated decrease in the value of w_, 1s observed with
an increase in the excitation level. With an increase in A er the function
approaches linear because of a decrease in population of the ground state. This
is promoted by the appearance of effective migration of the excitation emergy 6
in the subsystem of Er3t ions. According to the estimate of C D = 301040 em
sec™! made in § 3.3, it is easy to calculate the average time Qn which an exci-
tation jump takes place between the Er®t ions. For Au = 1-10%cy-3 , it is
approximately 1.8 milliseconds, which is less than t .

B pump
Table 6.5
Sensitizer Transmission System Data Source
i - o -
Nds* Nds*—YbhI*—Ep* 1528
Crd* Cr¥*—Er?* (361 ]
Mo®* Mot —Lr3*; {330]
N Mo’*—sz"--Er’* (323
24 . . Ryt 23,
Uoz 2+ UOQ” Er’al + 365§
UO3*—Nd**—Yb¥* ~Erd 331
Mn?* - 7 Mna¥—Er*

The possible systems for the use of other sensitizers to increase the efficiency
of erbium lasers proposed in various papers are presented in Table 6.5. The
most prospective is the Nd®*-Yb3*-Er®" system. However, complete use of it is
interfered with, as has already been noted, by the inverse quenching of the
luminescence of the Er3t ions by the Nd3* ions. In this pair the BPV was inves-
tigated in references [338, 339, 361, 517]. Quantitative estimates of the
parameters of the elementary act of transfer are presented in § 3.3, where it

is shown that the transfer in this Eair, just as in others, is dipole-diplole,

- and for phosphate glass C., = 1°10~ Ocmb-gec-1. Figure 6.13 shows the standard
relation for phosphate glass of the magnitude of the characteristic time inter-
val t°_ for the static transfer during which the luminescence intensity decreas-

_ es byre times with respect to the maximum as a function of the Nd3* ion concen-
tration. In practice this intensity coincides with the calculated value. From
the figure it is obvious that for the Nd3t concentration in the glass of more
than 5.1019 cm'3, the duration and quantum yield of the luminescence of the
Er3t ions decrease. Other potential sensitizers of the Er3t _ons are much
less efficient. The quantum yield of the luminescence of Cr3t ions in glass
is very small [361]. The quantum efficiency of the BPV for Mo, UO%t aind Mn2t
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ions exceeds:0.8 to 0.9 only for concentrations M, larger £han (2-3)'1020
cm™® {361]. The introduction of some of them (for example, U0%Z') into the

glass is accompanied by an increase in the level of inactive absorption in the
1.5 micron range (as a result of the presence of other uranium forms) [246, 359].

S
Ny

T T T VT

: 1 1 I 1 1 1. 1
g. 1 2 4 cl’,.‘,,lllﬁcu.'l

6.13. The effective eneryy transfer time of the excitation in the pair Er3+—
Nd3t as a function of the Nd3" ion concentration in the glass with composition
Ba3Al(PO3) g’ Mp=3-10"cu=d

Key: (1) seconds

In conclusion, let us note that the studies that we made of the photochemical
resistance of phosphate glass to solarization demonstrated that the laser emis-
sion with a wavelength of 1.055 microns at energy demsities to 500 joules/cm?
and a number of pulses to 10 does not lead to noticeable additional color of
the glass. Concentration emission by the light of powerful pulsed xenon tubes
is more dangerous. Therefore, the erbium elements operating in the ELL require
filtration of the shortwave part of the pumping emission (see also [511]).

Thus, the performed analysis of the spectral luminescence characteristics of

erbium glass confirms that phosphate glass has an optimal set of properties

required for the creation of effective active material for ELL and ELP. These
- are similar only to germanium phosphate matrices, but the latter obviously are

less adaptable to manufacture and contain an expensive component. At the

present time the production of two high quality erbium laser glasses has been

mastered by Soviet industry. Let us present the parameters of one of them,

type LGS-E: Hvp=1,5-10% cu=3, A’e =3.5; 6; 910" cu™d, Hon<T-10" “M's-3 -1

Ty pe 2 70601973 sec, q 7 0.9, 8 €1.5:1073 en™t, B € 2.0x107° cm -,
- kL ET 601072 em-l er ase pump

pump ~

§ 6.3. Tube-Pumped Erbium Lasers

As has already been noted above (§ 6.1), the energy possibilities of ELL are
highly limited. The basic efforts have been applied to improving them after
the appearance of the first reports on obtaining the lasing effect in Na-K-
Ba-silicate [514, 529], Li-Mg-Al-silicate [530] and fluophosphate [531] glass.
Generalizing the conclusions of theoretical analysis of the energy characteris-
tics of ELP to the case of ELL, it is possible to state that conditions 2)

and 5) (6.14) in this case lose significance on the basis of the wideband
nature of the pumping. On the contrary, condition 6) acquires decisive weight.
In the given case this condition can be written in the form
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Key: (1) pump
(2) T = lase

It is far from always possible to satisfy this relation fully on the basis of
limited electric strength of the pumping tubes, especially for large-cross
section active elements. From this condition we have two areas of improving
the energy characteristics of ELL: selection of the compositions of the glass
insuring minimum values of A’e: as a result of high efficiency of the BPV in
the pair Yb3t-Er3t and finding means of improving the use coefficient of the
emission of the pumping tubes.

Within the framework of the first area, a significant gain has been obtained
from the transition to phosphate matrjices realized for the first time in [528].
In such glass e = (2.5-3)°1019 cn™ is admissible. As an example let us
present the characteristics of the ELL with active element2 .5 mm in diameter
_ by 80 mm maggfactured by us from LGS-E glass (Ag = 1.5°10 em™3, Fwn=
= 3-1019 e placed in amonomodular cylindrical quartz reflector and cooled
by running heavy water (D,0). The pumping tube of the IFP-800 type for the
best matching with the Yb3* ion absorption band operated under "soft" condi-
tions, with current density of 1000 to 2000 amps/cmz, which was achieved as a
result of using a long pumping pulse (.. 4 milliseconds). The transmission
coefficient of the output mirror was equal to 0.3, the resonator base was 300
mm. The lasing threshold in such a laser was reached for a pumping energy of
= 350 joules, and for pumping energy of 1200 joules, 1.8 Joules was emitted
with a pulse duration of about 3.1 milliseconds. The lasing kinetics had
ordinary peak structure with peak duration of 1 to 3 microseconds. 1In the
case of Q-switching of the resonator by a rotating prism, with the exit mirror
with R = 0.5 and pumping energy of 800 joules, a pulse was emitted with a
duration of 30 nanoseconds and an energy of 0.5 joule.

A further decrease in /%, would be possible by increasing Ay» to the maximum
- admissible values of about 41021 cm™3. However, the gain obtained in this
case is approximately 1.5 times (§ 3.3), which is not so significant as to
justify the difficulties connected with the negative effects on the radial
uniformity of the pumping and the technological properties of the glass.
In addition, in the Q-switching mode a further increase N is generally in-
expedient. The second area appears to be more prospective. At the present
time several versions of increasing the efficiency of the use of pumping
emission in ELL is proposed. The most radical of them is, as has already
been noted above, introduction into the erbium glass of additional Nd®t ions.
A theoretical analysis in order to optimize the activator concentrations in
the Nd3t-yb3t-Er3t is performed in reference [339]. Its authors have drawn
the conclusion that it is expedient tg introduce the Nd®t ions into the
glass in concentrations to 441020 cm” , compensating the decrease in T
accompanying this (§ 6.2) as a result of a decrease in the pumping pulSe
duration tpump' As applied to the conditions of free lasing, it would be
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- possible to agree with this if the introduction of the Nb3+ ions were not ac-
companied by the introduction of additional inactive losses into the laser
= resonator on the lasing frequency which was not considered in [339]. According
to our measurements, depending on the glass composition, these losses are (1.5
to 2.2):107L cm™! for #xe=1-1020 cuw~3, which is highly significant, espec-
clally if we remember the small values of the cross section ¢ (see also
condition 3) in (6.14)). In the Q-switching mode the level o%agﬁe inactive
losses, as 1s known, has less influence on the lasing threshold and the effi-
ciency, but the reduction of T worsens the conditions of accumulation of
the Er®t ions in the metastablé ~State, and therefore is extremely undesirable.
For these reasons, in both_gpg;gting modes of the ELL, obviously it is inexpedi-
ent to use Mne>(5—7)-10% c¢m-3, . The analogous conclusion is drawn in {361].
In [528], the optimal concentration of the Nd3t+ ions is considered to be still
less, approximately 2-1019cm’3. Their introduction into the glass even in such
small quantity gave a gain in the lasing threshold by threefold. Imn this
paper a study is made of the ELL with active element with dimensions of 4 mm
12 diameter by 76 mm made of Zn-Al-phosphate glass doped with Yby05; (15 percent
- by weight), Nd,03 (0.2 percent by weight) and Er,03; (0.5 percent by weight).
With a pulse duration of the xenon pumping tube (4 mm in diameter) of about
6 milliseconds the lasing threshold was reached for a pumping energy of 95
joules, and at 350 joules in the free lasing mode, 0.86 joule was emitted
(n = 0.25 percent). For Q-switching by a rotating prism and with pumping
energy of 150 joules, a short pulse was obtained with duration of 25 nanoseconds
and energy of 0.2 joule (n = 0.12 percent). Similar data were obtained later
in other papers [85, 528, 533, 534].

Another way to improve the efficiency of using the pumping emission consists
in placing reemitting shells around the active element. The active element
itself in this case is made of glass activated onlz by Yb3t and Er®" ions.

As the shell material most frequently Nd3t and Yb3T doped glass is used. A
significant part of the emission of the latter falls inside the active element
and is absorbed again by the Yb3¥ ions. In [85] approximately double gain in
radiation efficiency with respect to the active elements without the shell was
achieved in this way. Inasmuch as the wall thickness of the shell must be as
small as possible, highly concentrated neodymium glass with small additions of
ytterbiumare especially suitable for making the shells. Our estimates [534]
demonstrated that such a shell 0.5 mm thick made of glass with the composition
KNd0.9Yb0.1P4012 increases the pumping use coefficient by 2 to 3 times. It

is possible to obtain a still greater effect by applying an interference
coating to the surface of the active element with reemitting shell reflecting
the emission in the range of 0.95 to 1.1 microns and thus not emitting it from
- the active element. In reference [532] it is proposed that Mo2T ions absorbing
: in the region of 0.36 to 0.55 microns and emitting in the region of 1.02 microns
be used as the activator for the shell glass. However, nothing has been re-
ported on the efficiency of this version. A study was also made of the possi-
bility of making active elements by fusing a bundle of fiberi consisting of
glass activated by Yb3* and Er3" ions and shells made of Nd®'-yb3+-glass
[528]. A deficiency of such an element is increased radiation divergence (up
to two angular degrees).
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A prospective way to improve the output energy of an erbium laser is use of
tubular elements, including with reemittiug core, for example, made of Ng3*t-
¥yd3t-glass [534]. Here it is possible to increase the transverse cross
section of the active element without an increase in nonuniformity of pumping
and therefore to match it with the large diameter pumping tube and, conse-
quently, with high maximum emission energy. By using such elements with out-
side diameter of 14 mm, inside diameter of 8 mm and 120 mm long and optimizing
the pulse duration and brightness temperature of the pumping source we were
able to improve the radiation energy of the ELL to 4 joules in a pulse lasting
3.5 milliseconds and 1.5 joule for ti = 40 nanoseconds.

An interesting possibility of improving the efficiency of ELL is connected
with the application of interference dielectric coatings to the surface of
the pumping tube emitting radiation only in the range of 0.89 to 1.05 microns.
According to [543], in this way an increase in efficiency of the neodymium
oy lasers by 1.5 to 1.7 times is achieved under certain pumping conditions as a
- result of partial transformation of the previously unused part of the pumping
radiation to radiation in the spectral region of absorption by Nd3" ioms.
For ELL absorbing in a narrow band, the effect of this transformation must
be still more significant. This is indicated, in particular, by the smaller
than expected lasing thresholds of erbium glass.  For example, for ELL described
at the beginning of the section, when A’g, =3 -10@cu~3 the threshold absorbed
specific pumping energy reduced to V = 10,000 cm™" must be more than 3 joules/cm3.
Such values are observed in ELP (see below, § 6.4), where they can be measured
exactly. Consequently, for electric threshold pumping energy of 350 joules
input to the pulse tube and for a volume of the active element of about 2.7
cm®, an efficiency with respect to stored energy of more than 2.5 percent is
realized. For ELL this is a very high value, and it indicates the partial
transformation of the initially unused emission of the pumping tube, but then
reabsorbed by the discharge plasma, to the emission falling in the absorption
- band of the Yb3" ions. On application of interference coatings, this effect
can be intensified significantly. An analogous result can be expected from the
application of cavity pumping tubes. In the case of neodymium lasers they turn
- out to be less efficient than rod lasers on the basis of lower brightness
temperature of the plasma and greater reabsorption of the pumping emission by
the discharge plasma. For ELL, these deficiencies are surpassed by the advan-
tages. In addition, the cavity tubes permit greater energy densities of pumping.

Along with the energy characteristics, the spectral characteristics of ELL
emission are of great interest. In the first reports it was pointed out that
the ELL based on silicate glass emit on a wavelength of 1.543 microns [312],
and on phosphate glass, on )\l = 1,536 microns [528]. The reason for this
is the differences in the form of the luminescence band of the Er3t ions in
this glass (§ 6.2). In silicate glass the relative jntensity of the transition
to the second Stark component (AE = 26 cm~l) of the 115 2 level is appreciably
higher than in phosphate glass. Later, it was demonstraéed that the lasing

- wavelength of the ELL in both cases depends on the reflection coefficient of
the output mirror, the tuning accuracy of the resonator and the temperature
of the laser element [510, 511, 533]. With high Q-factor of the resonator,
lasing occurs on A = 1.543 microns, with low Q-factor, on A 0 = 1.536
microns. In some casesasffor example, blind mirrors) it is possibleago observe
lasing even in the range of 1.61 and 1.57 microns [361] with respect to the
quasifour-level system (AE = 330 cm ), although the efficiency of this lasing
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is naturally low as a result of the small cross sections of the induced emis-
sion of Er3" ions in this region and the presence of induced absorption (the
transition 4113/2 + 41 ). The width of the lasing spectrum is approximately
17 em~1 for Xl = 1.?45 microns and about 6 cm™! for A = 1.536 microns.
ase lase
On the whole, it must be noted that the energy and spectral characteristics
of ELL have been investigated explicitly insufficiently. A more careful study
will obviously help to reveal significant reserves for improvement of them.
The application of ELL is primarily expedient where it is necessary to have
emission in the spectral range of 1.5 microns or where the shorter wave emis-
sion presents a real danger for the eyes [537, 509]. The report was made on
the development on the basis of ELL of a number of range finders and locators
[85, 544, 510]. 1In [545] a description is presented of ELL developed for meas-
uring the height of the lower bound of the cloud cover. It emitted pulses
with 35 nanosecond duration and a power of 1 megawatt with a divergence of 10
milliradians. The reflected signal was received by an avalanche germanium
photodiode. The range of the instrument was more than 10 km. Among the pros-
pective areas of application it is also necessary to note scientific research,
for example, spectroscopy [538] and also medicine. In [539] a report is pre-
sented on the successful experiments in treating diseases of the cornea of the
eye using ELL.

§ 6.4. Erbium Laser Reemitters. Free Lasing Mode

Along with the search for new, more efficient compositions of erbium glass and
optimization of the concentrations of the activators, the creation of the
efficient ELP is connected with the solution of the nontrivial problem of opti-
cal coupling of the pumping laser to the erbium active elements. Let us con-
sider some significant aspects of this problem. One of them consists in the
necessity for simultaneous satisfaction of two, usually mutually exclusive re-
quirements: 1) the pumping emission must be completely absorbed in the erbium
active element; 2) the latter must be uniformly excited with respect to the
entire operating volume. In order to satisfy the first of them, the active
element must correspond to an optically thin element, and to satisfy the second,
an optically dense layer with respect to the pumping radiation. However, these
requirements can be combined if the active element is placed inside the
resonator of a neodymium pumping laser. In this case the erbium active element
plays the role of the useful load of this resonator, replacing the output mirror
and, consequently, the losses introduced by it must be optimized in order to
insure maximum efficiency of the neodymium pumping laser during operation on
such a load. It is obvious that for this purpose the following relation
must be observed: .
. l
..k§,=kl:‘-'>ﬁna+ﬁ..i‘,(l) (6.15)
1) 1y

Key: (1) pump

where BNd and Bpump are the coefficients of inactive losses on the pumping fre-
- quency, respectively, in the neodymium and erbium active elements, L and Lpump
are the lengths of the neodymium and erbium active elements along the pumping
path and K;ump is the coefficient of useful losses in the resonator of the
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neodymium laser introguced by erbium active elements Foi the available values
of § » B, < 1'1079 cm™l, we obtain k' € 11074 cm™t. Hence, it is pos-
pump’ ~Nd pump

sible to determine the minimum length of the erbium active element. For example,
for a standard length of the neodymium active element, L = 600 mm and k = 0.05
cm'l, the length of the erbium active element must be no less than 120 BR"P Here
45 percent of the pumping energy is absorbed in it in one pass or the density of
the excited particles at the output of the active element for its location out-
side the resonator is two times less than at the entrance. In the case of intra-
resonator location, these values differ by no more than 20 percent. It is pos-
sible to obtain still greater uniformity ¢ 5 percent) on placing two neodymium
elements in the resonator symmetric with respect to the erbium active elements
(see below, 6.17).

A second aspect of the problem of coupling is connected with conditions 5) and
6) from (6.14) for the satisfaction of which in the free lasing mode, as was
pointed out above, pumping emission energy densities in the erbium active ele-
ment are required on the order of 500 to 700 joules/cm®. These values are
appreciably higher than those ordinarily realized in neodymium laser cavities
(80 to 300 joules/cm?). Consequently, the pumping emission beam inside the
erbium active element must also be pinched. This is done most simply by using
a lense telescope, but the introduction of the latter into the cavity is con-
nected with the appearance of significant additional losses. The analysis

that we made of various versions of increasing the pumping density demonstrated
that the optimal version is to make erbium active elements in the form of spe-
cial prisms, the geometric shapes of which in different versions are illustrated
in Figure 6.14 [247, 515]. In elements of this type the pumping emission

Eigure 6.14. Various versions of the geometry of active elements of ELP for
Iree lasing mode insuring optical coupling of the active element to the radia-
tion beam of the pumping source and beam concentration.

Key: (1) lase (2) pump
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density is twice the radiation density at the entrance as a result of several
total internal reflections of the pumping beam from the side faces on which
it is incident at an angle of 45°. An important problem of spatial separation
of the lasing and pumping beams is solved simultaneously, and autocompensation
of the nonuniformity of the pumping radiation density with respect to cross
section of the beam at the entrance of the erbium active element and uniform
energy pickup of the stored energy from the entire excited volume are also
insured. Prisms of the type of a and b also satisfy the function of one of
the mirrors of the pumping laser. The selection of the indicated versions is
dictated by the required output energy of the ELP, the volume of the active
medium and the possibilities of neodymium pumping lasers. The set of working
faces, which complicates cooling of the active elements, high requirements on
accuracy of their optical processing and the necessity for using neodymium active
elements of rectangular cross section for pumping constitute the deficiencies
B of the indicated shapes.

Finally, a third aspect of the coupling problem is connected with the selective

N nature of loading introduced by erbium active elements into the neodymium laser
resonator. For the last laser the threshold condition is defined by the rela-
tion -

, (R (1) -+ Byl 4y
ap (h) = ———773— - Bna,
2) (1) L (6.16)
Key: (1) pump
(2) lase
where ® ase (A) is the gain of the active medium of the neodymium pumping laser
on a wavelength of A . For k >> B and k 1 /L >> B we obtain
pump pump pump pump pump Nd
e (M) = Ly (M),
M &y (6.17)

Key: (1) pump
(2) lase

Figure 6.15 shows the relations o (A), k! (A) and k" (A) for active
lase pump pump

elements of the pumping 1laser and ELP made of phosphate glass. Inasmuch

as the steepness of the function k' (\) is greater than the steepness of the
long-wave wing of the amplificatioguggrve, the condition for the beginning of
lasing of a neodymium laser is satisfied primarily in the region of 1.07 to 1.08
microns. Thus, a shift of the pumping laser emission wave to this region must
be observed, which is extremely undesirable, for it would lead to a sharp de-
crease in energy absorbed in the ELP element and to a decrease in the efficiency
of the neodymium laser itself. Experimental studies of the emission spectrum
of the pumping laser confirmed that the lasing frequency shift actually occurs.
If under a load on the flat dielectric mirror with R = 0.5, the lasing spectrum
width did not exceed 10 A, and the center was located at 10,545 A, then in the
given cgse the lasing spectrum was broadened by approximately 200 ) (10,540 to
10,750 A). Lasing began in the region of 10,750 A, and then gradually shifted
to the maximum of the luminescence band. This shift can be explained if we
consider that as the ER3' ions are accumulated in the metastable state, the
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level of the induced absorption in the pumping region also increases, and its
dependence on the wavelength is inverse to the dependence of 'ump on A (Figure
6.6). Analogous broadening of the lasing spectrum was observed by the authors
of [535]. In order to improve the operating efficiency of the ELP it is neces-
sary to take additional measures to stabilize Aj,g at the maximum of the ampli-
fication curve. This can be achieved if we intPdduce an element with inverse
dispersion k"(A) into the resonator (Fibure 6.15, b, ¢). Here full compensation

of kl')ump is not required, and it is sufficient to satisfy the condition
Ay iyt ]z,
< (6.18)
Key: (1) pump
(2) lase
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Figure 6.15. Spectral relations in the region of 1.05 to 1.08 microns of the

gains o \); k! (M), k" (M) are the losses in the resonator of the
lase pump pump

pumping laser introduced by absorption of the Ybs ions in the active element
of the ELP and additional elements compensating the dispersion, respectively.
a) Compensating element absent; (b) compensation using the glass plate acti-
vated by Sm;03, 5 percent by weight (k;ump = GSmmSm); ¢) compensation using

” 1 1
selective dielectic mirror (kpump (")TL’“FM)' . The segments of a straight
line at the top indicate the width of the lasing spectrum without compensation
(1) and with compensation (2).

) Key: (1) H = pump (3) microms
(2) T = lase (4) threshold
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Figure 6.16. Diagram of an erbium converter with intraresonator symmetric
excitation of the erbium element [247]. l--erbium active element; 2,2'--
neodymium active element; 31 32-—neodymium resonator mirrors; 33, 3 P
erbium resonator mirrors. ’

Key: (1) Xpump 1.055 microns

(2) Alase = 1.536 microns

Figure 6.16 shows one of the optical systems of ELP with intraresonator loca-
tion of the erbium active element [101, 247] which we investigated. The latter
was made of phosphate glass type LGS-E containing JPYb==l.5'1021 cm™3 and

N = 25 409 em—3 (k = 6-10~2cm™t, . g 2-10‘3cm'1, Ty Bp = 9.0-10-3
sec), in the form of B PFism with side faB¥8Pbeveled at angles 6F 45°#5". The
pumping radiation was introduced into it normally to one of the beveled faces
and, undergoing several total internal reflections, it exited through the op-
posite face. The length of the erbium active element with respect to the pumping
channel was 12.8 cm. The pumped volume was = 8.2 cm®. The resonator of the
pumping laser consisted of a prism 3. and dielectric mirror 3, and also two
active elements made of phosphate neodymium glass LGS-I made ifi the form of
rectangular plates 2 and 2' with dimensions of 10x32x280 mm® and ends beveled

at the Brewster angle arranged symmetrically with respect to the erbium active
element. The base of the pumping resonator was 150 cm. The ELP resonator with
base = 20 cm was made up of flat dielectric mirrors 33 (R =1) and 34 (R = 0.6).
The pumping pulse duration tpump = 1.6-10™3 second.

Two methods of compensation of k' (A) were used. In the first method, a
plane parallel plate of Sm,0j3 puBBEH glass (5 percent by weight)was placed in
the resonator at the Brewster angle to its axis: By selecting its thickness,
it was possible to stabilize Apump’ but the laser efficiency was reduced by 10
to 15 percent as a result of introducing additional losses into the resonator
at the lasing frequency (Figure 6.15, b). The second method gave better re-
sults. A dielectric mirror with reflection band selected so that R (1.54
microns) = 0.95, and R (1.070 microns) = 0.45 (Figure 6.15, c) was made. In
this case no noticeable decrease in pumping laser efficiency was observed. In

- both bases the lasing spectrum remained twice as wide as with a flat mirror,
and it occupied an interval of 1.054 to 1.056 micronms.

Measurements of the energy characteristics of this ELP demonstrated that the

threshold absorbed specific pumping energy is 5.3 joules/cm®, the lasing energy
is about 40 joules with triple excess over threshold. The standard dependence
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of the lasing energy (¥ 1ase) on the specific pumping energy absorbed in the
erbium active element (¥’ ) is presented in Figure 6.17. From this rela-
tion it is possible to det@Phine the differential efficiency of the ELP, reaching
30 percent. With somewhat altered resonator layout and greater pumping dura-
tion and excess over the threshold, the lasing energy of about 80 joules in a
pulse with a duration of 3.5 milliseconds was achieved later wit differential
efficiency of about 39 percent and radiation divergence of 3°107 " rad [515].

The lasing spectra consisted of three lines: 1.536 microns with

W] = 7 em L, 1.543 microns with AV = 7.5 cm~l and 1.538 microns with
lase 1 lase

Aﬁlase =6 cm™T. With a pumping density of = 700 to 800 joules/cm?, local

deterioration of the glass of the erbium active elements with respect to platinum
inclusions was observed.

Attention is attracted by the small divergence of the lasing emission achieved
without the application of any special measures with a short resonator base

and small cross section of the lasing beam of the ELP (about 1.4 cm?). This

is promoted by high uniformity of excitation and low specific heat release, which
are distinguishing features of ELP.

In references [413, 535], a study was made of the extraresonator system of the
ELP (Figure 6.18). A phosphate glass laser with active elements 45 mm in
diameter by 620 mm (A = 1.543 microns) was used as the neodymium pumping
laser. 1In order to iR¢rBase the pumping density, a telescopic system 2 with
multiplicity of about 4 was used. The pumping was done through the end of the
ELP element (3) at an angle of approximately 20' to the axis of the ELP resona-
tor. The latter was formed by the prism 4 and the flat mirror 5 with R = 0.2
to 0.8. The length of the resonator of the erbium laser was about 150 cm. The
pumping pulse duration was (2 to ?..5)'10_3 seconds. The erbium active element

was3made of phosphate glass with the follow%ng parameters: 3J?Vh=i&2'1“m
em v, A%, =310 xS, kpump = 0,054 cm™ ™, T Br C 7.5°1077, Blase = 0.006
cm_l. Under such conditions with absorbed specific pumping density equal to

31 joule/cm®, a conversion efficiency was achieved which is equal to 35 percent,
and the differential efficiency was 43 percent with a specific energy pickup

of about 11 joules/cm®, total emission energy of 27 joules (through a 5 mm

iris) and divergence of 2.6'. The use of higher pumping densities led to the

Figure 6.17. Standard dependence of the lasing

energy ”&ase of ELP in the free lasing mode on i

the specific pumping energy absorbed in the active §
clements, ¥ abs in the diagram with intraresonator g

location of the erbium active element. (i%_
Key: (1) " ase’ joules .
3 0 20
(Z)Wabs, joules/cm . w0 ent (2)

(3) Efficiency with respect to slope = 30 percent
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Figure 6.18. Diagram of an erbium ELP with active element outside the
resonator [413].

1--Neodymium laser; 2--telecope; 3--erbium active element; 4--rectangular
reflector prism; 5--output mirror.

Key: (1) microns

appearance of local damage to the investigated glass. The integral brightness
of the emission of the ELP is almost an order greater than the brightness of
the emission of the pumping neodymium laser. The emission spectrum consists -1
of two spectral components with peaks at 1.536 and 1.545 microns, 8 and 16 cm
wide, respectively.

Thus, the performed experiments demonstrated that the ELP permit not only crea-
tion of laser sources in the region of 1.5 microns with good energy characteristics,
but even an increase in the limiting values of the specific energy pickup from

the active element (to 10 to 20 joules/cms) and integral brightness of the
radiation to levels that are record levels for lasers in general, which opens

up the prospects for their use in powerful laser systems. At the same time,

a number of factors were discovered which prevent the achievement of maximum
operating efficiency of the ELP in the free lasing mode. Above all, these in-

clude the following factors:

1) Extremely high required pumping emission demsities (to 1000 joules/cm?)
commensurate with the radiating strength of the glass and complicating the
problem of optical coupling of the ELP and the pumping lasers, 2) the necessity
for operation with minimum possible concentrations of Er3t ions, which does

not permit insurance of suff cient efficiency of the excitation energy trans-
mission in the pair Yb3*t-Er3", especially for high excitation levels; 3) rela-
tively small cross section of the laser transition 4113/2 g 4115/2 which sig-

nificantly increases the requirements on the level of inactive losses and the
optical quality of the glass; 4) the presence of induced absorption on the
lasing frequency.

The indicated difficulties are softened to a significant degree on using ELP in
the lasing mode and on amplification of short (KI) and supershort (SKI) pulses.

§ 6.5. Possibilities of the ELP Under Lasing and Amplification Conditions of
KI [Short Pulses] and SKI [Supershort Pulses]

In § 6.1 it was already noted that erbium glass is an almost ideal medium for

amplification of KI and SKI. This fact was first indicated in [513]. The
advantages of the erbium medium consist primarily in high quantum yield and
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large values of Ty Er permitting easy realization of the pumping mode
tpump << T1 Er Low values of Op, are also fazorably felt in the accumula-
tion of the energy in the metastable state of Il 2° As 1s known, (see,
for example, § 5.3), neodymium glass corresponds éé the requirements on the
active medium for amplification of the KI and SKI to a much lesser degree,
which causes a sharp decrease in their efficiency on transition to this
operating mode.

Other advantages of ELP follow from the laser method of its excitation.
Already for reasonable pumping radiation density of 400 joules/cm? it is pos-
sible to excite up to 1.0°102Y Er3t ions in one cm®, which corresponds to a
specific stored energy of W iored T 13 joules/cm®, exceeding by more than

an order the value of ¥ in power amplifiers with large aperture based
on neodymium glass and, tﬁgoﬁgre so in gases. The optimal ' operating concen-
trations of Er®" ions in the given case are (6-10) +1019 cm—3, which insures
high excitation transmission efficiency in the yb3+-gr3t palr (to inversions_1
of AN/A*s,>08), For the indicated inversions, the gains up to 0.3 to 0.6 cm
become realistic, which permits a sharp decrease in the total length of the
active elements in the amplifying channel and manufacture of elements of
individual stages in the form of plates with 1 = 2-3 cm, insuring, never-
theless, a gain K. in each of them for the wea%agignal of 3 to 6 times in omne

- pass. In neodymium large cross section active elements, a value of 1 of
at least 20 to 40 cm is required to achieve such a gain. It is also kﬁgﬁn [540]
that breakdown of the active elements into thin spatially separated discs
(plates) significantly increasing the selffocusing thresholds and, consequently,
the beam strength of the glass. In addition, the distortions of the wave front
of the emitted radiation occurring as a result of thermal deformations decrease.
Amplifiers based on ELP in this respect have unquestioned advantages over neo-
dymium glass amplifiers for they permit easy solution of this problem without
an extraordinary increase in the number of discs and the length of the amplify-
ing channel as a whole. An important circumstance also is the smaller value
of the index of refraction in the region of 1.5 microns and, obviously, its
nonlinear component. In addition, it is highly significant that erbium active
elements have almost unlimited "field of view," which permits use without any
difficulties of diverging beams with any angle of aperture, full realization
of the possibilities of multipass and telescopic amplifiers [541, 542] and also
pickup of the maximum proportion of the excitation energy stored in the
active element (which is especially urgent in the case of SKI) by passing
several beams in series through it or one beam several times at different angles
to the plane of the active element. Let us also note the simplicity of the
effective suppression of superluminescence in the active elements. For this
purpose it is sufficient to leave the peripheral parts of the active elements
unexcited. ’
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1)

Figure 6.19. Experimental dependence of the gain % age OO the specific absorbed

pumping energy rabs nomlizee__‘_’?__rabsorbe 4 threshold’ in LGS-E glass.

Agp=ts. 100 ono3; fop =8% 100 (1),
5240, (8), B8 x10" cu™> (3).

Key: (1) o

) W abs/Wabs threshold

In § 6.4, other advantages of the ELP have already been noted--low specific heat
release and high uniformity of excitation, which permits simplification of the
problem of achieving diffraction divergence of the radiation and also an in-
crease in the repetition frequency of the amplified pulses. It is also important
that in a neodymium pumping laser the tubes can operate under lighter condi-
tions than in neodymium amplifiers, consequently, with high reliability. The
theoretical analysis made by us [515] shows that in the amplification mode of
short pulses at t_ 2 10 nanoseconds, values of n = 0.15-0.2 are entirely attain-
able; thus, the e?ficiency of the neodymium laser of about 3 percent can be
counted on for a total efficiency of up to 0.4 to 0.6 percent.

(1)
3ot
~
Ui
Figure 6.20. Experimental dependence of gt
the specific absorbed pumping energy. ] (L
¥ .bs threshold corresponding to the .
threshold of achievement of inversion as ¢
a function of the Er®' ion concentration 0 At 2 ,;,‘,‘5
in LGS-E glass; Hyn=15X 50 cy=3, o N 10" ™

Rey: (LW, joules/cm®

s thresh’
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Figure 6.19 shows the experimental dependence of the gain of an erbium active
element made of LGS~E phosphate glass with different erbium ion concentrations
as a function of the relative magnitude of the absorbed speciiic pumping energy.
The measurements were performed by sounding the active layer 5 cm thick uni-
formly excited by an external converging beam of neodymium laser emission
(tpump = 0.8 milliseconds), by a short pulse from the external ELL with Q-

switching (the delay with respect to the beginning of pumping is about 1.0
millisecond). As we see, for small . the investigated relation is non-
linear in a large range of values of 7r'abs/”,abs thresh® On the other hand,

for Mo = 8.6 1019 3, it is linear to va%ues of o. = 0.26 to 0.3 im_l,
which corresponds to a level population of /2 of 3pproximately 7° 10 .

1
The obtained maximum value of a = 0.44 cm i is not limiting. For large
Ny, and Wy abs it can reach up %o 1 cem~1l.

The threshold specific absorbed pumping energy as a function of the erbium ion
concentration in the glass is illustrated in Figure 6.20. From this relation

it follows that for small %, the value <y abs thresh is somewhat higher than
lase

expected for Ipa + 1. These data agree with the results presented in Figure

6.12, and they independently confirm the contribution of the iccelerated de-
crease in probability of BPV in the pair Yb3*t-Er3* as the Er3" ions are accumu-
lated in the metastable state with low concentration of them in the glass.

The lasing characteristics of the ELP in the Q-switching mode will be illus-
trated in the example of the system used earlier to obtain free lasing (Figure
6.16). When using a rotating prism, output mirror with R = 0.5 and specific
pumping energy of about 9.5 joules/cm3, this ELP emitted 5.1 joules per pulse
with 30 nanosecond duration. -

¢
Figure 6.21., One version of the optical /(
system of the power amplification stage

for KI and SKI based on ELP. J

l--erbium active element, 2--90° prism A
of erbium glass, 3--neodymiun active ' 2
element, 4--selective dielectric mirrors. =T A

Figure 6.21 shows one of the possible versions of the optical system of the
output stage of a power amplifier based on ELP. The erbium active element is
made in the form of a plate 14.1 mm thick and 60 mm long, on the two lateral
faces of which 90 degree prisms made of glass of the _same composition activated
only by erbium ions in a concentration of 2:1020 cm~3 are seated on a deep opti-
cal contact. Emission from two symmetrically arranged plates 20 mm thick made
of neodymium glass which are placed in a common resonator with the erbium
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active element is introduced through the indicated prisms into the active
element. The manufacture of these prisms from glass with Er3t permits
efficient suppression of spurious lasing on the internal modes. It is obvious
that the amplified beam of radiation can be transmitted at any angle of
incidence with respect to the working planes of the active elements. The
degree of nonuniformity of distribution of the inverse population in it does
not exceed 5 percent. The total stored energy depends on the width H of the
excited part of the active element and the erbium ion concentration. For
example, for H = 60 mm and A%, = 8.6°1019 cm~3, it can reach 500 joules. The
amplifying characteristics of the active element are analogous to those pre-
sented in Figure 6.18, that is, the gain per pass on incidence of the beam

at the Brewster angle will be about two.
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