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Chapter I: Introduction 
Ions of the rare-earth elements retain their discrete electronic 

energy levels when incorporated into crystalline or glassy host ma­
terials. This characteristic accounts for the paramagnetic behavior 
of rare earths and also makes then useful for solid state lasers. The 
properties of rare-earth ions in crystals are well understood after 
many years of investigation using solid state physics techniques which 
exploit the symmetry of the lattice. Today glass is the most important 
solid state laser material, and many of the details of rare-earth ions 
in amorphous materials are not well known. Nonradiative relaxation of 
excited states of rare-earth ions in glasses and the transfer of 
excitation between these ions have been investigated in chis work. The 
results of this study bring the knowledge of rare-e?.rth ions in glass 
environments closer to the level of understanding of crystals. 

The Nd doped glass laser- was developed in 1961 by E. Snitzer, 
and has since become the most common solid state laser. Efforts are 
now underway to use the output from a large Nd:glass laser to initiate 

3 
thermonuclear reactions in small fuel pellets. Lasers for this purpose 
must produce thousands of joules of 1.06-iim radiation in less than a 
nanosecond. Given tne low efficiency (~0.1%) with which Nd:glass 
converts input energy (in the form of electricity to drive flashlamps) 
into laser energy output, any improvements in Nd:glass laser performance 
can greatly reduce the cost and difficulty of laser fusion experiments. 
A better understanding of the physics of rare-earth ions in glass 
matrices will provide guidance for possible improvements in the laser 
host materials. 
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The distinguishing feature cf glasses is the lack of ordered 
arrangement of the component molecules. This disorder rules out the 
straightforward application of the concepts and theories developed 
for rare-earth ions in crystals. In the course of this work, a conceptual 
context was developed with which to approach the problems of relaxa­
tion and energy transfer. Some of the ideas of solid state physics 
were abandoned and others were modified to fit the glass environment. 
The concept of a phonon in a disordered glass lattice led to a reformu­
lation of the theory of multiphonon relaxation developed for crystals. 
Energy transfer measurements were interpreted with the aid of theories 
derived for crystals, taking into consideration the distribution of 
rare-earth sites in the glass. 

This paper is divided into two parts, the first dealing with 
multiphonon relaxation. The theory of nultiphonon decay of rare-earth 
ions in glasses is derived with more attention to details than the 
original formulations of this theory for crystals. The structure 
of glasses is reviewed in order to understand the coupling of the ion 
to the glass lattice, and a molecu'ar model of high energy vibrations 
in glasses is found to be appropriate for multiphonon rate calculations. 
The details of the ion-lattice coupling strength are not known, but 
the form of the perturbation calculation gives the dependence of 
multiphonon rates on phonon energies, on energy gap between levels, 
and on glass temperature. One section of the first chapter is devoted 
to a discussion of multiphonon decay to a single vibrational mode. 
Although this process is shown to be unimportant in glasses, the unique 
properties of relaxation to a single highly excited vibration may be 
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observable in other rare-earth systems. The consequences of only 
one vibration coupled to the rare-earth ion are evident from the de­
tailed derivation nf the theory presented here, whereas other formula­
tions of m>.;tiphonon theory do not predict this behavior. 

The short pulse laser excitation and fast fluorescence measurements 
necessary to determine multiphonon rates are described, along \'th 
an explanation of the particular rare earth decay schemes used in these 
experiments. Some of the rates were measured directly from fluores­
cence decays, while others were indirectly determined from the rise 
and fall of fluorescence from multilevel schemes. Special experi­
mental requirements were necessary in order to extend nonradiative rate 
measurements to faster rates than have been determined previously. 
Multiphonon rates are presented for six electronic states in a series 
of five simple oxide glasses and one complex commercial laser glass. 
The dependence of the nonradiative rates on energy gap agrees with 
the predicted behavior. The Raman spectra of these glasses are also 
presented and shown to correlate with the multiphonon rate measurements. 
Finally, the temperature dependence of one nonradiative decay rate 
in all five glasses, combined with the knowledge of the high energy 
phonons from Raman spectra, gives good agreement with the predictions 
of the multiphonon theory for g^sses. Appendix C is an application 
of the multiphonon rate measurements to determine conversion efficiencies 
in a commercially available laser glass. 

The second part of this work is concerned with energy transfer 
mechanisms and rates in Ndrglass. The results of the theory of energy 
transfer by multipolar coupling are reviewed and specialized to the 
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Nd ion. A fluorescence decay measurement apparatus is described which 
recorded Nd decay curves with sufficient accuracy to allow quantita­
tive evaluation of the nonexponential character of the fluorescence 
function. The long term decay rate exhibits diffusion-limited be­
havior in agreement with predictions of energy transfer theory. 
Computer fitting of the observed fluorescence signals to predicted 
fluorescence decay functions results in good agreement with a model 
which includes quenching of excitation to unexcited Nd ions and migra­
tion of the excitation through the Nd system. These results were 
applied to a Nd:glass amplifier to determine the effect of nonexpon­
ential decay on the peak gain in the amplifier. Finally, the transfer 
of energy from Ce ions to Nd ions was measured in an effort to sensi­
tize Nd to short wavelength pump light. The last chapter reviews 
and discusses the results of all these experiments and their impor­
tance to understanding rare earths in glass environments. 
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Chapter II: Multiohonon Relaxation 

A. Introduction 

Early observations of fluorescence from rare-earth ions in crystals 
showed that not all electronic levels radiated, in fact only those with 
a large energy gep to the next lower level exhibited fluorescence. 
Dieke and others attributed this lack of radiative decay to a fast non-
radiative decay by phonon emission. Since the highest energy phonons in 
these crystals are only a few hundred cm" , and the energy gaps across 

which the relaxation occurs are up to 1000 cm" , the nonradiative process 
5 6 must involve many phonons. Weber, Moos, and others measured these 

multiphonon decay rates for rare earths in a variety of crystals and for 
a variety of electronic states. The multiphonop. rate was observed to be 
a decreasing function of energy gap to the next lower electronic sta'e. 
Kiel attempted to calculate the transition probability for a multi­
phonon process, and found that the rate for a p phonon process was much 
less than the rate for a p-1 phonon process: 

W 
-E. = . .... l 
Vi ' 

Riseberg and Moos extended this approximation to show that the multi-
phonon transition probability is an exponential function of the energy 
gap across which the decay occurs, independent of which electronic state 
or which rare-earth ion is involved. The theory outlined in this section 
follows the general approach of Kiel, although it will be applied to 
glasses. More of the details of the calculation will be presented than 
have been published previously, not because any quantitative results are 
possible, but because che physics of the process becomes apparent in this 
way. The approximations that are necessary in order to reach a useful 
result will be evident. Two basic predictions of the theory that are the 
goals of this derivation are 1) the exponential dependence of the multi-
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phonon rate on energy gap, and 2) the temperature dependence of the multi-
phonon rate which permits identification of the particular phonons involved. 
Both aspects of the theory have been verified experimentally for rare-
earth ions in glasses. 

Several other approaches to the theory of multiphonon relaxation 
have been pursued since Kiel's work. Miyakawa and Dexter' use the method 
of generating functions to calculate multiphonon relaxation, assuming 
weak coupling of the rare-earth ion to the lattice. Their result pre­
dicts both the exponential dependence on energy gap and the temperature 
dependence that Kiel feind, but the formalism of the generating function 
approach obscures some of the physical aspects of the problem that, are 
of interest. Fischer '" considered the nonradiative transition proba­
bility for strongly coupled systems where the configuration coordinate 
approach applies. He found an approximately exponential dependence on 
energy gap, but his model applies to strong coupling only. Fong ant! 
coworkers " evaluated the multiphonon transition rate for rare-earth 
ions using a time correlation calculation, arriving at an approximately 
exponential dependence of the rate on energy gap and a slightly different 
temperature dependence than Kiel. Struck and Finger have used the 
configuration coordinate approach to determine multiphonon emission in a 
way that can be applied to the weakly coupled rare-earth ions, with re­
sults similar to Kiel's. Each of these approaches fails to calculate the 
actual rate which always involves matrix elements that are not known. 
For this reason, the simplest approach with the least mathematics is as 
good as any, and in fact better, since the physical principles are more 
apparent. 

One aspect of the present work is not treated by any of the authors 
above, and it results from simplifying the model to one harmonic oscillator 
weakly coupled to a rare-earth ion. The consequences of stimulated 
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multipho-'w emission predicted by this model may be observable in simple 
systems such as a rare-earth vapor. The extension of multiphonon relax­
ation theory to glass matrices is also more straightforward using the 
general approach of Kiel. 

Perturbation theory will be employed to calculate the transition 
probability between electronic levels of rare-earth ions, where the per­
turbing potential is due te lattice vibrations. The interaction of one 
phonon will be considered first, the simplest case, but one that includes 
the basic physics necessary for further calculations. Extension of the 
model to two, three., and an arbitrary number of phonons involves higher 
order perturbation calculations where the major additional complication 
is in considering all possible intermediate states. The difficulty of 
quantitative calculations will be apparent very early, and approxima­
tions will be made and justified in order to simplify the mathematics. 

B. Theory 
The rare-earth or lanthanide elements have in common a xenon elec­

tron core plus N 4f electrons and two 6s electrons. N varies from 
zero (La) to the closed shell at fourteen (Lu). In cnemical compounds, 
the rare earths are usually trivalent. For the purposes of this work 
the ions with from one (Ce ) to thirteen (Yb ) of the 4f electrons 
constitute the trivalent rare earths. The 4f orbits lie closer to the 
nucleus than the 5s, 5p, and 6s rad jl distributions. The shielding pro 
vided by the 5s and 5p orbitals makes tne 4f electronic states relatively 
insensitive to the crystal field, so the effect of the surrounding 
charges may be treated as a perturbation on the free ion states. L-S 
coupling is generally a good approximation for these state?, and they 
are characterized by L, S, J, and m.. The perturbing potential of the 
static crystal field can be expanded in spherical harmonics in order to 
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calculate the energy shifts and splittings, and to compute the perturbed 
wave functions. Group theory reduces the number of terms in the crystal 
field expansion for a particular crystal symmetry. For the purposes of 
this derivation, the exact wave functions are not necessary. The elec­
tronic part of the total wave function will be identified by S, L, and J, 
and the Stark splitting will not be explicitly considered. 

I* e 1 e c> = |4f N,S,L,J,--> (1) 

The wave function for the perturbation calculation is the product of 
the electronic wave function and the vibrational wave function of the 
lattice. The vibrational wave function is a product of the individual 
harmonic oscillator wave functions representing the lattice modes, which 
are characterized by their phonon occupation numbers. 

Ix> = I*„n >n In > (2) 
1 A "elec to' w ' ' 

The lattice part of the wave function is a product over all the 
vibrational modes that can couple to the ion. The application of multi-
phonon theory to glasses requires consideration of the concept of a phonon 
in a glass. According to present theories of glass structure, oxide 
glasses of the type considered here are formed from networks of glass 
forming ions such as Si, B, P, Ge, or Te that are strongly bonded to 

13 oxygen ions. Distinct structural units such as SiO. tetrahedra exist 
in the glasses, but the orientation of these units lacks any long range 
symmetry. Network modifiers such as alkali or alkaline earth ions break 
up the Si-0-Si-O-Si three-dimensional network, introducing non-bridging 
oxygens that do not link one Si to another. The vibrations of the 
netwt;-: modifiers are between two and four times lower in frequency 
than the vibrations of the network formers. Since multiphonon relaxa­
tion involves the high energy vibrations in glasses, the network modifiers 
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will not be considered here. 

The vibrational motion of the network of simple glasses has been 
calculated by Bell and coworkers and by Su and coworkers. Their 
technique was to develop a model for the network of ionic masses with 
appropriate bond strengths and solve for the modes of vibration. These 
calculations agree well with observed Raman and infrared spectra. The 
hign energy vibrations of the glass network involve localized vibrations 
of the glass forming units (SiO. for example), with frequencies near the 
Si-0 bond stretching vibration. ThP localized nature of the high energy 
vibrations makes the exact details of the glass network unimportant to 
the present case of multiphonon relaxation. 

Due to the lack of long range order, the wave vector normally associ­
ated with the lattice modes is not simply determined in the glass, so 
the vibrations will be enumerated by frequency only. The model used here 
for a glass lattice is that of a large molecule including the rare-
earth ion and the surrounding glass-forming units, out to nearest or 
next-nearest neighbors. For instance, in a silicate glass the rare-
earth ion may have six to eight SiO. tetrahedra around it. The normal 
modes of vibration of a tetrahedron will be weakly coupled through the 
field of the oxygen ions to the rare-earth ion. There are many modes of 
vibration of this model "molecule," but only the highest energy ones 
will be important to multiphonon relaxation. While the coupling of the 
modes and the details of the low frequency modes are uncertain, the high 
energy vibrations may be identified through Raman or infrared studies, 
and their importance to multiphonon relaxation is verified by temperature de­
pendence measurements. 

The Hamiltonian for the system consists of two parts. H includes 
the free ion Hamiltonian and the effects of the time averaged crystal 
field which give the observed energy levels and splittings in the glass. 
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V is the perturbation caused by the vibrations of the lattice. 

H = H Q + V (3) 

It is convenient to split V into two parts, one which operates on the 
electronic part of the wave function, and one which operates on the lattice 
wave function. This is done formally by writing 

ID ft> 

where the sum over u indicates a sum over all the vibrational modes that 
couple to the ion. Q is the normal coordinate or the amplitude of the 
disturbance of the mode u. This expression fjr V is just the first 
term in a Taylor series expansion of the potential about the equilibrium 
position of the lattice. The amplitude Q can be referred to several 
different coordinate systems. 

Although the calculations to be described next do not apply to 
glasses, the physics of the situation will be illustrated for the cry­
stalline case. Even in crystals the problem is too complex for quanti­
tative results. 

In a crystal, the expansion of the potential can be simplified by 
using coordinates that have the symmetry of the ion site. Q then refers 
to one of the normal modes of vibration of the unit cell centered 
around the ion. Evaluation of the derivatives of the potential with 
respect to Q involves expressing the crystal field in a representation 
with the same symmetry as the Q coordinate system. Kiel has done a 
part of this calculation for LaCl, making use of the symmetry of the rare 
earth site (a La site). In the calculation of the multiphonon rate be­
low, matrix elements of §£ m u s t be determined. This can be done, in 
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principle, if the magnitude of the crystal field and its derivatives can 
be calculated. 

The Q coordinates that operate on the harmonic oscillator states 
can be expressed in terms of the raising and lowering operators a and 
a. In general Q will be a linear combination of the lattice modes. 

Q = S b (a + + a ) (5) 
01 K (UK* K K' v 

Van Vleck has done this calculation that relates the point group 
symmetry of the ion site to the space group symmetry of the lattice fot 
a cubic lattice. 

Glasses lack both the point group symmetry of the rare-earth site 
and the space group symmetry of the periodic crystal lattice. Consis­
tent with the model of a glass described above, the Q coordinate appro­
priate to a glass is the amplitude of vibration of one of the coupled 
harmonic oscillators around the rare-earth ion. This amplitude can 
then be expressed in terms of a and a directly, where the raising and 
lowering operators are just those of the oscillator at frequency <•>. 

Q = b (a + + a ) (6) 

This choice of coordinates requires no sum over lattice modes to express 
Q . The question of the appropriate normal mode coordinates for the lattice 
vibrations will be discussed at length below, after the significance of the 
choice of coordinates is established. Whatever the choice of 0 coor-
dinates, the dependence of the potential on Q .denoted by ?i- , is the u *% 
electronic part of the perturbation operator, and its matrix element 
appears in the expressions for transition rates. 
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To simplify the notation, »4- will be V in the rest of the treatment. *% " 
V = / V Q = A , V b (a+ + a ) '7) 

1ft 
The coeff icients b, are 

b... - (A)?'2 (8) /JL.V 

where M is normally the mass of the crystal, but is a mass-related coeffi­

cient dependent on the choice of Q coordinates. The operators a and a 

create and annihilate phonons. 

Ov- Vv^i-v,*1* ( 9 > 

Using these definitions, the nonzero matrix elements of Q are 

V = y 2Tfc "u <n - 110 In > = « Ji- n (12) 

Considering a one phonon transition between electronic states a and b, 
the rate is given by the "golden rule" of time dependent perturbation 

19 theory: 

W = fl<Xb!Vka>|2p(E) (13) 
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p(E) is the density uf final states. Rather than a density of states, 
a delta function to conserve energy and a sum over states will be used 
here. The initial state x a has t n e electronic state if»a and the lattice 
state with the arbitrary initial phonon occupation numbers 

lxa> = l*a>S' I V ( 1 4 ) 

In the final state the electronic state has changed to |i(i.> and one of 
the phonon states has increased by one. 

Ixh> = l*K>|n + 1> n |n ,> (15) I A b | T b ' a i. to 01 FU 

The matrix element to be used in (13) is 

< * b l v J * a > < n

u

 + 1 l n < V | ( U V n I V > ( 1 6 ) 

where a must be one of the vibrations which conserve energy, E - E. = hiu 
Evaluating the matrix element for emission of a phonon from (11) gives 

lvJvV& , n» M> ^b^jvvm; *v " (u) 

The total rate will be the sum of the rates for each individual mode: 

«• r 5> *b l V JV I 2 m K + ' > 6 < E a - E b " *-' ( 1 8 > 

The matrix elements of V will vary for different initial and w 
final states and for different glass compositions. They cannot be 
calculated due to the lack of information about the vibrational modes 
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in the glass and their coupling to rare-earth electronic states. 
When the initial and final electronic states are separated in 

energy by an amount greater than the highest phonon energy in the 
glass, the perturbation calculation must be done in higher order to 
allow emission of two or more phonons. For a p phonon process, there 
are contributions from two terms in the Taylor series expansion of 
the potential. The first term (7) in the expansion evaluated in a p-
order perturbation calculation will be considered next. However, the 
p term in the expansion taken in first order perturbation also results 
in emission of p phonons. 

An important aspect of the present theory is the assumption that 
only the lowest order process that can conserve energy need be considered. 
This assumption is justified to the extent that the perturbing potential 
is small, otherwise the perturbation approach to the calculation is 
invalid. The expressions for multiphonon rates contain matrix elements 
of the perturbing potential in powers of P, the order or the process. 
Since these matrix elements are small, their higher powers will be even 
smaller. This approximation is further supported by the general 
tendency for the density of phonon states to increase with increasing 
energy. 

Higher order perturbation calculations for the transition proba-
20 bility are given by 

12 
u - !=• 

f|VK><m,|V|m,,>...<mn ,|V|i>! 

( E , - E >i -6 . . . ( i ;^ i ip^) (i9) m, — m
p _ i } Z P"1 

where i . ••, I f denote initial and final states and m, through m . 
are intermediate states for the p order process. The sum is over 
all possible intermediate states m^. Energy need not be conserved for 
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intermediate states, only for the initial and final states. The energy 
denominators, however, decrease the effect of intermediate states with 
energies very different from the initial state. 

To illustrate the enumeration of intermediate states, the twt, 
phonon process will be considered first. If only one lattice oscillator 
is coupled to the ion, with frequency u such that E - E.= 2 hu, and both 

a D 
the initial and final electronic states are singlet, there are only two 
terms in the sum (19) over intermediate states. 

W = ?.* <*, bK + 21'lyi^ + ^ a r i + ' i w i v 
Ea - (Ea + w 

, ^bK + 2 l v lVl n* + ^ b K ^ M V K 
t E b + "J 

p(E) (20) 

The first term corresponds to an intermediate state with electronic 
state ip and one phonon emitted into the mode w. The second term 
corresponds to an intermediate state with electronic state i)v and 
one phonon emitted. There are two steps required, each with the emis­
sion of one phonon, but the electronic state changes only once - either 
during the first step or the second. 

When the phonon creation operator acts twice on the same mode 
as in this case, the first operation gives «fRT and the second gives 
/n+1+1 . In order to conserve energy with two phonons of equal energy, 
E - E. must be 2hu. Then the rate is a b 

• • ^ b ) f . . M K . < . l v : i v M ' J v 

h.w 6[E a - (Efa tZfiu)] (21) 
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The rate given by (21) is an approximation because i t includes the 

effects of only one coupled oscillator. In fact the sum which is 
squared in (21) should include all modes and combinations of modes 
in pairs - such that hu. + flu. = E - E. . Each of these terms will also i j a D 

involve a different matrix element of V . The matrix elements of 
Q and Q will give (n.+ l)(n.+ 1) rather t.han (n + l)(n + 2). to. m . i j 

The situation becomes more complicated for three or more phonons. 
Again assuming singlet initial and final states, there are four possible 
sequences of electronic states for a three phonon transition, with 
each step involving emission of one phonon: 

t tu i , h a i 9 ~fui}» 
|a> ' - |ar> — | a > — — |b> 

|a> |a> jt>> |b> 
(22) 

|a> |b> |b> |b> 

[a> |b> |a> |b> 

In the general case of emission of p phonons, there are 2 P"' such 
sequences of electronic states - two possibilities for the first vir­
tual transition, times 2 for the second, times 2 for the p-l t h, 
times one for the final step. 

The thret phonon transition also indicates the nature of the ma­
trix elements of Qu for the general case. With m modes of vibration, 
all of approximately equal energy in. = (E a- E b)/3, the number of inter­
mediate states for each electronic sequence can be counted. There 
are m possibilities for tl.e emission of all three phonons into the 
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same vibratioml mode, resulting in m terms of the type (n + 1)(n + 2) 
(n + 3). There are a total of m (m p in general) combinations of 
phonons emitted in the three steps, of which m are accounted for as 
those in which all phonons go Into one mode. Of the remaining combina­
tions, 3m(m - 1) have two phonons emitted into one mode and the third 
phonon in another mode, resulting in terms like (n.+ l)(n..+ 2)(n.+ 1). 
These are counted as follows: there are m choi-es for the first two 
phonons and m - 1 for the third, or there are m places for the first, 
m - 1 places for the second, and two places for the third—leading to 
m(m - 1) + 2m(m - 1). The remaining m - m - 3m(m - 1) choices have all three 
phonons in different modes of vibration. Similar counting may be 
done for the p phonon process. 

To summarize these results in the three phonon case, for each 
of the four electronic sequences in (22) there are m terms in the sum 
with (n w+ l)(nu+ 2)(njj+ 3), 3m(m - 1) terms like (n u 1v l)(n u 1+ 2 ) ^ + 1), 
and the remainder of the form (null-+ l)(n(ltj+ 1)( n

a J| (
+l)> foe a total of 

4m terms. Each of the terms will have an electronic matrix element 
product of the form 

where j and k can be a or b. 
The number of modes m that are important to the multiphonon re­

laxation may nnt be large for a glass. It Is probable that only the 
nearest neighbor glass forming units couple strongly to the ion. so 
that m may by 6 or B times the number of high energy modes of the 
glas forming unit Itself. For Instance for a silicate, it may be 
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that only one high frequency normal mode of each tetrahedron couples 
efficiently to the ion. Then m would be of the order of ten. If the 
range of the coupling is longer than assumed here, then m may be larger, 
but numbers from ten to one hundred seem reasonable. Phonon transi­
tions involving (n .+ l)(n, .+ l)(n,,t+ 1) will dominate the relaxation 

tli\ Wj U)K 

for values of m in this range. 
The electronic states a and b are split by the static crystal field 

into at most J + 1 Stark levels. The energy splitting of the Stark 
manifold are always much smaller than the large energy gaps to which 
multiphonon theory applies, so these energy differences may be ignored 
in the energy denominators for the perturbation calculations. The 
matrix element of V' summed over the Stark levels for any particular 
step in the sequence of electronic intermediate states is just equal 
to the matrix element of V between the original states a and b without 
considering the crystal field splitting. Thus the Stark levels of a 
and b need not be included explicitly in counting the intermediate 
states. The matrix elements are calculated using the unsplit states, 
which in general include several free ion states mixed in by the crys­
tal field. 

The multiphonon transition rate for a p phonon process involving 
m oscillators of frequency ui is given by 

P h pfcj iL , -n-.J .. + n P/2 

W j • El). ' • *U) 
1 I m 

"j • V ' % , 

W„ " Uli • • • ( 0 
p 1 m 

<*b| v^|»a.b > <»a.li[ ': i |»,,b >- <».,b|^IV 
<Ea- E, i b- MCE,- E, i b- »*)...(£,- E,<b- (P - lfoi) (24) 
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where the (n + l)(n +2}... terms have been omitted. The subscript a, b 
on the intermediate states indicates that the 2^~ possible electronic 
sequences analogous to (22) must be included in the sum. Since the 
individual terms in the sum are not squared separately, as in the one 
phonon case, there will be interferences when the sum is squared to 
give the transition probability. Nevertheless the simplifying assump-
tiom will be made that: an average matrix element ca.c be defined: 

u - 2 " / M P f n ^ l l P ?

2 ( P - 1 V P l < a | V ' p | b > | 2 P / » ) 
»p-T{m-J}K+}> z * p pjitp-ir { 2 5 ) 

The average matrix element |<a|V'|b>|1s essentially a definition 
obtained by equating (24) and (25), valid for the p phonon process. 
The sum over electronic sequences when squared gives Z^~ ' terms, 
and for each of these there are m P terms from the square of the 
sum over coupled phonon modes. This expression gives the temperature 
dependence for a multlphonon transition coupled to m phonon modes, where 
m 1s large, through the Bose-E1nste1n distribution for n(T). As 
discussed previously, a small number of coupled modes give a contribution 
with (n + l){n • 2)... and a slower increase with increasing temperature; 
this will be discussed in the next section. The temperature depen­
dence was one of the two goals of the present derivation. 

The higher order derivatives of the potential also n»ke a con­
tribution to the multlphonon rate, as mentioned above. The full ex­
pression for the potential in terms of the Q coordinates is 

v ° + i?i W + uSi W - u,£p W^v-% 
(26) 
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where each sum is over the m modes that couple to the ion. The matrix 

elements of , n JS are not calculable without specific details 
3Q 1 ajj... 

of the crystal field at the ion site, and even with these details the 
calculation would be very difficult. The phonon matrix elements however 
are easily evaluated. 

<V»2.—V l—'Y l---"jQ1Qj-"Qpl"1.n2—V-ry^ 

This is exactly the same result as the previous calculation of phonon 
matrix elements, and when summed over the m coupled modes gives the 
same factor in the rate. Again there are m terms of the (n + l)(n + 2) 
{n + 3)...(n + p) form and m p total terms. There is not an energy denomina­
tor 1n the rate due to higher order derivatives of the potential, since 
the perturbation calculation is first order. 

Only the first term in the potential expansion taken in p 
order perturbation will be considered below. Given the similarity of 
the phonon terms in the two cases, the physical process is fully re­
presented by the first order term. 

The dependence of the multlphonon rate on the energy gap to b9 
bridged results from comparing the rate for a p phonon process with 
that for a p-l phonon decay. With the same glass lattice, ito and m 
will be the same for W and W ,; however, the average matrix element 
|<a|V'|b>| is not necessarily the same for a p order process as for a 
p-l order process, particularly if different initial and final electronic 
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states are involved. For now, the average matrix element will be 
assumed to be the same for a p and a p-1 order process. The effect 
on the final result of the error in this assumption will be discussed 
below. The ratio of W to W , is 

JE- = (Ji/afc>)(n + 1) 4m 2 M v ' | b > | 2 (28) 
p-1 (tlus) 

The dimensions of the average matrix element are energy divided by 
normal mode displacement, while the quantity (ti/2Mu>)(n + 1) gives the 
square of the normal mode displacement according to Eq. 11. 
Thus the ratio of the two rates is physically the square of the energy 
change caused by the amplitude of the vibration ai divided by the energy 
of the vibration. The number of modes m and the mass M are related 
by the choice of normal mode coordinates so that the number of modes 
that couple is normalized out. This point will be treated in the 
next section. 

If the perturbation V is small, as it must be for perturbation 
theory to apply, the ratio of W to W , will be 

£ - = e « ] (29) Vl 
This is the result that Kiel found which was extended by Riseberg and 

Q 
Moos in the following manner: 

P-1 
Wp-2 = W„ ~2 

W 0 EP (30) 
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This may be rewritten as 

W p = W 0 e P 1 n ( e ) (31) 

Since the number of phonons p is equal to the energy gap AE divided 
by the phonon energy hoi, 

Wp • Wo ^ ( l ! ^ A E ) < 3 2> 

This result expresses the exponential dependence of multiphonon relax­
ation rate on the energy gap across which the decay takes place. The 
worst approximation in the derivation of this formula is the assump­
tion that the average matrix element |<a|V'|b>| 1s equal for different 
p and for different electronic states. It is clear that variations of 
E should be expected; but e enters the final result as In(e), which 
accounts for the insensitivity of the prediction to the exact nature 
of the ion-phonon coupling. 

The validity of Eq. (32) for crystals has been demonstrated for 
rare-earth energy levels in many hosts, e varies from host to host, but 
for a given host, Eq. (32)is valid to an accuracy of a factor of two or 
better. The high energy optical phonons also vary from host to host, 
and this is the primary cause of variations in the observed rates from 
crystal to crystal. The results of multiphonon decay measurements in 
glasses reported here confirm that this theory has predictive value 
in qlasses as well as 1n crystals, in spite of the different concept 
of a phonon in the two media. In glasses the most important material 
effect is the maximum phonon energy as in crystals. 
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C. Relaxation to a Highly Excited Single Mod° 
As the number of vibrational modes coupled to the rare-earth ion 

becomes small, the importance of the (n + l)(n + 2){n + 3)...tanns in the re­
laxation becomes important. The reason for considering the value of m, 
the number of modes, is that it may be possible to determine experi­
mentally which are more important, the highly excited single mode 
transitions or the transitions that spread the phonon excitation over 
many modes of vibration. The temperature dependence of the multiphonon 
rate results from the Bose-Einstein distribution for n(T): 

"JT» " TWFTT , ( 3 3 ) 

Since n w+ 1 shows a much more rapid percentage increase with tempera­
ture than n + 2 , the transitions to a single mode that is highly excited 
will contribute very little to the temperature dependence of the total 
process. However, since the total number of phonon combinations varies 
with m p and the number of combinations involving a single highly excited 
mode varies with m, the number of coupled vibrations would have to be 
quite small to have an effect greater than the uncertainties in the 
interpretation and experimental errors in temperature dependent mea­
surements. The origin of the n u+ l terms in the expression for the 
transition rate is Eq. (ll)for the matrix elements of the phonon creation 
operator. The matrix elements depend on the vibrational wave functions 
for the glass lattice. 

The wave functions that are appropriate for the perturbation 
calculation are determined by the definition of the system under consider­
ation. The simplest case is that of an isolated molecule, where the 
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"crystal field" perturbations can be expressed directly in terms of 
the normal modes of vibration of the molecule. In this case it is clear 
that the number of high energy modes that couple to the rare-earth 
ion can be quite ."nail for a simple molecule. The terms (n + l)(n + 1 + 1 ) 
(n + 1 + 1 + 1) should dominate the temperature dependence provided that 
only a few high energy vibrational modes of the molecule couple to the 
ion. The other extreme is the crystalline environment, where the normal 
modes of the system involve uniform displacement of N atoms. For the 
acoustic modes of a crystal lattice, the molecular approximation is 
clearly not justified. However the highest energy vibrations of a 
crystal are well approximated as Independent Einstein oscillators of 
frequency u, corresponding for example to the Si-0 stretching vibration 
in quartz or glass. 

The validity of this approximation is indicated by the width of 
the high energy peak in the Raman spectrum. Shukeir^ has shown that 
the usual k=0 selection rule for Raman scattering in crystals breaks 
down in the case of glasses, so that the Raman spectra give infor-

14 mation about phonons of all wave vectors. Brawer has taken the approach 
that it is not useful to consider selection rules for glasses where 
the wave vector 1s not defined. In either case, the Raman spectra 
reflect the properties of the high energy phonons in glasses. The 
widths in glass are about 100 cm for the 1000-cm peak, but the 
approximation is actually better than the ten percent given by Aoi/ui. 

The Raman peak in glass is primarily inhomogeneously broadened; 
that is, the 100-cm" width is due to different local environments 
for the individual oscillators - some have alkali ions nearby, some 
do not, some have non-bridging oxygens, some bridging, etc. This 
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is not the same as the formation of a band due to strong coupling of 
the oscillators as in the acoustic phonons. That part of the width 
due to coupling of the oscillators throughout the solid should be 
present to an even greater extent in the crystal than in the glass. 
However the width of the high energy peaks in a crystal of similar 
composition are < 20 cm" (see Brawer ). This narrow width is a 
good approximation to the delta function expected in the case of perfect 
Einstein oscillators, but the inhomogeneous broadening in the glass 
obscures this fact. 

An equivalent w<iy of expressing the criterion for the indepen­
dence of the high frequency oscillators is that they may be considered 
independent if the excitation remains localized at one oscillator for 
a time longei than the time required for the Ion to make the muUiphonon 
transition. Physically this criterion tests whether the particular 
vibrational mode excited by the first transition to an intermediate 
state is still excited when the transition to the second and subsequent 
intermediate states takes place. If it is not still excited, the 
(n+1+1) stimulated term is not appropriate, since the excitation diffused 
away before it could stimulate another phonon. The localization time 
of the excitation is indeed very short, on the order of one picosecond. 
(20-cm width of the Raman peak corresponds to a lifetime T 2 « l x 10 sec.) 
However the time required for the multiphonon transition is considerably 
shorter. Since energy 1s not conserved in the intermediate states, 
these states may not be occupied for a time longer than A t « ti/AE, where 
AE Is the error in conserving energy. AE is approximately p times the 
phonon energy since the Ion remains in the excited electronic state while 
emitting p phonons or jumps to the lower electronic state before 
emitting p phonons. Thus the time that the system remains in an inter-
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mediate state must be less than one period of the phonon vibration: 
At SJ K— < — • For 1000-cm vibrations, this corresponds to less than 

phw &i 
3 x 1 0 " 1 4 seconds. As before, the oscillators are independent to better 
than ten percent. 

These considerations of the coupling of the oscillators in glass 
14 

were treated in a different context by Brawer, who developed a theory 
for calculating the vibrational modes of glasses. He found good agree­
ment between his calculations and experimental observations when he 
neglected the coupling of one structural unit in the glass to all 
others. Brawer states that,"Because of the weak-coupling the individual 
units will execute many vibrations at their resonant frequencies before 
being damped by motions of their neighborr. 

The difference between the molecular and lattice models for the 
phonon modes can be illustrated for the case of two phonon relaxation. 
In both cases, the derivative of the potential is taken with respect 
to the normal coordinates of the "molecule" centered at the rare-earth 
ion. For simplicity, only the highest energy mode of the molecule will 
be considered now. u labels the molecular vibrations. Using the 
molecular model where the high energy vibrations of the glass are 
independent Einstein oscillators, only the nearest neighbor oscillators 
contribute to the motion of the "molecule": 

nearest 
neighbors 

Of the total of N oscillators in the glass sample, only six or eight 
are included in this sum. Then the transition rate is given by 
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* similar terms I 
for other elec- J 
tronic sequences! 

Since the sum over u. and u. includes only nearest neighbors, the 
terms with i=j, which are the stimulated terms, will be a significant 
portion of the total. 

With the lattice model, where the normal modes of th* "molecule" 
surrounding the rare earth are expressed in terms of the normal modes 
of the entire lattice, Q is given by 

(34) 

£^(«k + « \**°k k) (35) 

Attain * labels the high energy molecular vibration, but k labels the 
lattice modes. A superposition of all the lattice modes is necessary 
to express a localized vibration of the "molecule," so the sum over k 

23 22 1/2 
has 10 terms in it. The coefficients c ., are proportional to N " 
since the mass involved in the normal mode vibration is the mass of 
the entire crystal, whereas the c above involves the «•;< of one ion. 
This normalization gives the same rate for both models, with the ex­
ception of the greater importance of t,.» stimulated terms in the mole­
cular model. The rate for the lattice model 1s 

"lat. 
2IT TT 

<•» IV' t »><* f V * 1 a> 31 
h« u j - flu 

/ . r . v n * \ f . t . , vn + 
(36) 

Here the first sum is over six to eight molecular vibrations, but 
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the sums jver k include m = N = 10 terms. The number of stimulated terms 
2 

is m out of a total of m terms, so the stimulated effects will be negli­
gible. 

Multiphonon relaxation involves the highest energy optical phonons, 
so the molecular model involving independent oscillators 1s appro­
priate to describe the ion-lattice system. The experimental observation 
of the stimulated effects predicted by this model is obscured in glasses 
by the inhomogeneous nature of the vibrational spectra. (This will 
be demonstrated in the section describing temperature dependence mea­
surements.) A more definitive experiment might be done with a crystal, 
particularly one with a relatively isolated high energy vibration 
that 1s responsible for multiphonon relaxation. The best candidate 
for observation of this effect is a hydrated crystal or glass. The 
0-H vibration at about 3600 cm is known to relax rare-earth ions 
in crystals and glasses (and liquids ). For small concentrations 
of water in a glass, there would be a high probability that only one 
0-H oscillator is active in multiphonon relaxation of an ion. The 
expected temperature dependence could then be verified unambiquously. 
Rare-earth vapors would also be appropriate to observe stimulated 
multiphonon relaxation, provided that the vapor molecule is sufficiently 
simple, a rare-earth trihalide for example. In all these cases, the 
magnitude of the relaxation rate would not be the indication of stim­
ulated vibrations; only the temperature dependence would identify the 

effect. 
24 

Heller has observed nonradlatlve relaxation of excited rare-
earth Ions in 0 20 caused by small amounts of 0-H. His results indicate 
that a single 0-H vibration takes up all the energy, thereby becoming 
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excited to a vibrational state of n * 2 in one case and n = 5 in another. 
Heller did not report the temperature dependence of this effect. Temp­
erature ranges available for such experiments in water are limited 

23 by the high vapor pressures (-200 atmospheres at 600 K). Rapp has 
reported that quenching of rare-earth ions in glasses is linearly 
proportional to the OH concentration in the glass in an experiment 
where water was intentionally introduced into the glass melt. This 
same linear dependence on OH concentration led Heller to his conclu­
sions that a single oscillator was excited to a high vibrational level. 
The temperature range available for a hydrated glass may be sufficient 
to observe the expected temperature dependence of (n+ l)(n + 2)... if 
the water is not driven off when the glass is heated. 

D. Experimental Technique 
The following section will describe the experiments to measure 

multiphonon relaxation of rare-earth ions in glasses. Although details 
for each individual ion will be described below, the general technique 
involves the following steps. Some fraction of the ions in the glass 
are raised from the ground state to an excited electronic state through 
absorption of a photon from the pump beam (step (1) in Fig. 1). The 
excited ions emit phonons and relax very quickly («lns) from the 
initial excited state to lower electronic states through a series of 
closely spaced levels (step 2 1n Fig. 1). Although the levels in this 
series all have some radiative rate, no fluorescence is observed 
from them because the nonradiatlve rate 1s much greater than the radi­
ative rate. This cascade continues until the Ions are in a state where 
the gap to the next lower level 1s greater than the highest energy 
phonons fiuL,,. 1n the glass; here the relaxation is slowed to tens or 
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(2) Single pnonon cascade 

(3) Multiphonon decay 

(1) Absorption 

ol i 

Figure 1 Decay scheme for a rare-earth ion in glass. (1) Absorption 
of a pump photon raises the 1on to an excited state. (2) Emis­
sion of low energy phonons rapidly relaxes the Ion through a 
series of closely spaced electronic levels. (3) Relaxation 
across a large energy gap requires simultaneous emission 
of several high energy phonons. This multiphonon decay 
1s much slower than the single phonon cascade so the popu­
lation of the level can be monitored by observing radiative 
emission. 
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hundreds of nanoseconds. The population of this longer lived elec­
tronic state Is then mor.itored by observing the characteristic fluor­
escence from those Ions which decay radiatl-yely. 

The number of fluorescent photons per second fran a level Is 
just the radiative rate times the Instantaneous number of Ions in 
that state. Since the fluorescent intensity is proportional to the 
total number of ions, its decay reflects the total decay rate, which 
is the sum of the radiative and nonradiatlve rates. In all but two 
of the measurements in this work, the rionradiative decay rate was much 
faster than the radiative rate, so the total rate was essentially 
equal to the nonradiative part. Thus the observed decrease in fluor­
escence from an excited state was a direct measure of the nonradiative 
decay. 

There are two ways to select the electronic level that is observed. 
First,selectivity is provided by using a narrow spectral width for the 
exciting radiation, and second, the desired level can be Isolated by 
narrow optical filters which allow fluorescence from only one level 
to reach the detector. Combinations of these two techniques were used 
in the multiphonon experiments. 

Measurement of these very fast decays Imposed three restraints 
on the experimental apparatus. First, since almost all the ions decay 
nonradiatively, the fluorescence intensities were very low, requiring 
very sensitive detectors. Second, the detectors had to be very fast 
in order to follow the decays. Finally, the pump pulse requirements 
were high intensity and very short duration, an application for which 
pulsed lasers were Ideally suited. 

25 Previous studies of multiphonon relaxation 1n crystals and in 
glasses were limited to lifetimes greater than about 1 usee. Be-
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c?,use of the higher energy phonons in glasses, the relaxation rates 
of interest were faster than In crystals, so the present work required 
measurements with greater temporal resolution than previous work 1n 
this field. Lifetimes as short as 10 nsec were determined with the appar­
atus developed for these measurements. 

These measurements required a carefully chosen combination of a 
rare-earth ion absorption that matched the wavelength of one of the 
available short pump pulses. Two pulsed lasers served as the excitation 
sources for the various decay schemes in this study. A Chromatix 
1000E YAG laser produced Q-switched pulses of approximately 200-ns 
duration at wavelengths of 527 nm, 531 nm, 532 nm, and 473 nm by means 
of frequency doubling of the Nd:YAfi lines in an Intracavity second 
harmonic crystal. These pulses were available at repetition rates of 
1 to 50 pulses per second, which made this system ideal for signal avera­
ging. In addition to the fixed wavelengths, tunable pulses were produced 
by pumping an optical parametric oscillator (0. P. 0.), Chromatix Model 
1020, with the output of the laser. The L1Nb0, crystal in the 0. P. 0. 
was temperature tuned so that with appropriate combinations of pump 
wavelength, cavity mirrors, and crystal temperature, any wavelength from 
0.56 to 3.5 mi was obtainable. The Q-switched oscillator produced about 
0.5 mJ at 532 nm, and about ten percent of this energy could be converted 
to tunable output in the 0. P. 0. In the experiments reported herein 
the 0. P. 0. was used for pumping Tm at about 680 nm, and the 532-nm 
pulses from the Chromatix laser pumped Nd and Er. Since the pulses 
were 200 ns long, only the relatively slow decays (Nd Ty^ Tm F^, 
and Er 1,1,,) could be resolved using this convenient repetitive 



33 

system. 
The second laser excitation source was a 1 ns, 1.06-um YAG laser 

with a second harmonic generating crystal and a third harmonic mixing 
crystal. The laser system 1s shown in Fig. 2 and a schematic diagram 
is presented in Fig. 3. The oscillator cavity consists of a 0.64-cm 
diameter by 9.5-cm Nd.-YAG rod in a four flashlamp pump enclosure, a 
Pockels cell Q-swltch, a Glan prism polarizer, and resonant reflectors 

27 
for both front and rear mirrors. The Pockels cell voltage is main­
tained at the X/4 value (~3kV) to give minimum transmission for light 
from the rod through the Pockels cell-polarizer to the mirror and back 
through to the rod. When the rod reaches peak gain, an electrically 
triggered spark gap shorts the Pockels cell voltage to ground through 
a 6 ns length of cable. The Pockels cell voltage rings wit" a 10-ns 
period causing the Pockels cell-polarizer transmission to peak at 
the voltage zero-crossing, once every 10 ns. The.Pockels cell rise 
time is such that a 1 ns window every 10 ns results from ringing the 
Pockels cell voltage. The optical round trip time of the oscillator 
cavity is exactly matched to the Pockels cell ringing time so that a 
1 ns laser pulse builds up in the cavity. The resonant reflectors 
limit the frequency band-width of the pulse so that it is nearly band­
width-limited. The output through the front mirror consists of a 
train of 1-ns pulses separated by the cavity round trip time of 10 ns. 

A single pulse was selected from this train by an optically triggered 28 Pockels cell switch-out that followed the oscillator. Two Nd:YAG 
and Nd:glass amplifiers built up the pulse energy to a maximum of 



Figure 2 The 1 ns, 1.06 pm Nd laser. D. C. Downs, at right, is touching the 1 ns YAG oscilla­
tor while S. C. Roberts aligns one of the three amplifiers. The optical table is an 
air-mounted granite block. 
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Figure 3 Schematic of 1 ns laser system. The Pockel's col l inside the osc i l la tor cavity is 
driven sychronously to provide a t ra in of 1 ns pulses. 
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SO mJ per pulse. The spatial profile of the pulse was about 0.5 cm 
in diameter and smoothly varying, although no special effort was made to 
characterize or improve the beam profile. 

Following the amplifiers, a Galilean telescope reduced and re-
col limated the beam to a diameter of 2 mm 1n order to increase the beam 
intensity for higher conversion efficiency to the second and third 
harmonics. A 2.54 cm long KD*P crystal cut at 41° to the c-axis con­
verted the 1.06 vim pulse to 532 nm with 10 to 20% (energy) efficiency. 
Following the second harmonic generating (SHG) crystal, another KD*P 
crystal(cut for Type II phase-matching at 58°) mixed the 1.06-um and 
532-nm light to produce a third harmonic pulse at 355 nm. Thus three 
different wavelengths were present in the 1 ns pulse out of the 
laser system: about 30 mJ at 1.06 pm, about 10 mJ at 532 nm, and about 
1 mJ at 355 nm (see Fig. 4). One particular pumping pulse was chosen 
by appropriate filters. 

Beam splitters directed a portion of the pump beam to photodiodes 
which served as energy monitors. The harmonic generating crystals 
were aligned by optimizing the ratios of green energy to infrared energy, 
and blue energy to green energy. Adjustment of the laser-amplifier 
power supply voltage determined the energy in the pump pulses. Because 
the laser amplifiers required cooling time, the repetition rate of the 
1 ns laser system was limited to about once every 30 seconds, making 

signal averaging a time consuming process. 
The basic experimental set-up for multiphonon decay measure­

ments with the 1 ns laser is shown in Fig. 4. The appropriate pump 
pulse was focused into the sample by a 20-cm focal length lens, 
creating a line of excited ions near one side of the sample. This side 
was placed against the entrance slit of a 1/4-m Jarrel Ash monochro-
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Figure 4 Apparatus for fast fluorescence measurements. The Second 
harmonic generating crystal (SHG) produces 532-nra l ight 
from the Incident 1.06-um pulse. The third harmonic gener­
ating crystal (THG) mixes 1.06 vm and 532 nm to produce 
355 nm. A f i l t e r selects either 532 nm or 355 nm to pump the 
rare-earth Ion In the sample. 
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mator (f/4.5), so that the fluorescent radiation perpendicular to the 
pump beam was collected. (The samples were all optically thin to both 
the pump and fluorescence radiation.) At the exit slit of the mono­
chromator, a photomultlplier tube detected the radiation at the desired 
wavelength. For Infrared fluorescence, an Amperex 56CVP tube having 
an S-l .photocathode was used; for shorter wavelengths, an Amperex 
56TUVP with S-20 response was used. 

In some cases the fluorescence was too weak for detection through 
the monochromator, so various filter combinations were used to isolate 
the desired wavelength. The band-pass and absorption filters were 
held in the photomultiplier housing against the tube face, and the 
housing was placed as close as possible to the sample inside a light 
tight box. The 4-cm diameter photocathode intercepted a large solid 
angle (~f/l) in this configuration. 

When the Chromatix laser served as the pump source, the sample 
was again placed in a light tight box and the fluorescence collected 
at right angles. Filters provided wavelength selection, and the same 
photomultipliers and electronics were used. 

The worst experimental problem with both laser pump sources was 
the intense scattering of the laser pump pulse which at best gave 
an initial spike on the fluorescence signal, and at worst saturated 
the photomultlplier. Entrance and exit surface scattering from the 
samples could be masked by black tape, but bulk scattering was more 
difficult to avoid. The glass samples were produced in small test 
melts and were not all of good optical quality, containing index 
inhomogenelties and Inclusions. Absorption filters or the monochro-
mator served to discriminate against scattered pump light, but 
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fluorescence of the filters themselves when illuminated by intense 
scattering often buried the desired signal. Careful attention to geo­
metry, filter combinations, and temporal characteristics of the signal 
was necessary to sort out the fluorescence decay from the more intense 
scattered laser pulse. 

Fluorescence signals from the photomultipliers were processed by 
a Tektronix transient digitizing system, shown in Fig. 5. A block 
diagram of the portion of the system used in this work is shown in 
Fig. 6. The heart of the system is a PDP-11 computer which interfaced 
to the other components and provided data manipulation capability 
through both user-written and prepackaged programs. A version of 
BASIC programming language is used, with variations to control special 
hardware functions of the system. 

The photomultiplier signal is recorded by an R7912 Transient 
Digitizer, which is similar to a fast oscilloscope in its basic function, 
but provides a digital output. A 7B92 horizontal sweep plug-in controls 
the speed of the R7912, with external triggering from a photodlode 
that looks at the laser pulse. Vertical sensitivity is provided by 
a 7A19 amplifier plug-in with 50-12 input impedance. The R7912 is 
capable of 0.5 ns per division and 10 mV per division with these 
plug-ins. 

The cathode ray tube in the R7912 consists of two parts. A wri­
ting beam similar to that in an oscilloscope sweeps across a silicon 
target with vertical deflection proportional to the applied signal. 
The target is an array of diode junctions which conduct when struck 
by the writing beam. On the other side of the target, a reading beam 
scans the target, producing a current puise when one of the conducting 



Figure 5 Tektronix digital signal processing equipment. The control console is at left next 
to the digital processing oscilloscope. In the rack at right are (top to bottom) 
the hard copy unit, transient signal monitor, R7912 transient digitizer, computer, 
and tape cassette unit. 
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Figure 6 Schematic of the Tektronix system shown in F1g. 5. Use 
of the digital processing oscilloscope is not described here. 
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junctions is encountered. This current pulse 1s processed into the 
R7912 memory as an array of ones and zeroes. The computer takes this 
array and converts it into 512 channels, each with a 10-bit number 
representing signal height. 

A computer display terminal (Model 4010-1) inputs instructions 
to the computer and displays the processed signals and graphs. Per­
manent copies of the displays are obtained from the 4610 Hard Copy 
Unit. Simple computer programs were devised to give logarithmic plots 
of fluorescence decays from which the decay rate was determined as the 
slope of the log plot. For the Fluorescence rise experiments, a similar 
program plotted ln(I-I ) from which the slope gave the fluorescence 
rise time. In most cases the signal that was processed by these simple 
programs was a result of averaging photomultiplier sityiajs. When ths:-
Chromdtix laser was used, the high repetition rate made it possible 
to average as many shots as necessary. Since the signal-to-noise 
ratio in the slower decay measurements was usually greater than ten 
to one for a single shot, averaging ten or twenty shots was usually 
sufficient. With the fast decay measurements involving the 1 ns 
laser, the signal-to-noise ratio was frequently less than ten, 
but the vary low repetition rate of two pulses per minute dis- . 
couraged taking more than about ten samples for a given average. 

The limiting factor in determining the time resolution of the 
system was the photomultiplier itself. The R7912 with the plug-ins 
used Is capable of subnanosecond response. With 50-12 termination 
at the R7912, the observed rise time when recording the 1-ns pulse 



43 

from the laser was about 3 ns, with a slightly longer fall time. 
With slower decays, a larger load resistor was used on the photomul-
tiplier to increase the signal, but the signal was always checked 
against the 50-n result to insure that it was not distorted by the 
larger terminator. 

E. Rare-Earth Ion Decay Schemes 
The rates that could be measured in this work were restrict'd 

to those in which the energy gaps across which the decays occur are 
greater than 1500 cm and less than about 4000 cm" . For gaps less 
than 1500 cm" , the multiphonon theory does not apply, since only one 
or two of the highest energy phonons are involved; also these decays 
are too fast to measure with the apparatus used. Energy gaps larger 
than 4000 cm" in the glasses studied have such small multiphonon rates 
that the radiative rate is no longer negligible. The radiative rates 
are not well known, so the accuracy is low for a determination of the 
nonradiative rate by subtracting the radiative component from the mea­
sured total rate. Since the goal of this study was direct measurements 
of nonradiative rates, these larger energy gaps were avoided. 

29 30 Judd and Ofelt have developed a method for calculating the 
dipole transition probabilities for rare-earth ions in crystals. The 
Hne strength of the transition can be expressed as the sum of three 
empirically determined parameters describing the crystal field, multi­
plied by the three appropriate reduced matrix elements of tensor oper­
ators. The matrix elements have been calculated for several rare earths, 

31 
and the Judd-Ofelt approach has been applied to glasses by Krupke 
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and Reisfeld. Relsfeld's calculations were used to correct for the 
radiative rates in the two cases where they were not negligible compared 
to the multlphonon rates. 

The energy gaps were determined from absorption spectra of the ions 
in glasses. Because of the inhomogeneous nature glasses, the assign­
ment of energy gaps wa'; ^precise. Site to site variations of the 
crystal field result in variations of energy levels, line strengths, 
and Stark splittings from ion to ion. The absorption spectra reflect 
a sum over ion sites weighted by the various line strengths. The 
appropriate energy gap for a multiphonon decay of a given ion is the 
difference in energy between the lowest Stark component of the upper 
level and the highest Stark component of the level below. Equilibration 
"among the cfosely space'd "Siark components' is very fast compared to 
multiphonon rates, so the Stark levels will always maintain a thermal 

25 distribution within a manifold. The exponential dependence of the 
multiphonon rate on energy gap will assure that the minimum energy 
gap from the absorption spectra 1s somewhat qualitative, resulting in 
uncertainty of about 100 cm 1n the absolute value and slightly less 
error in relative values. The gaps did not vary significantly from 
glass to glass. 

Of the thirteen trivalent rare earths, three were chosen to be 
doped into the glasses for this study. Nd was an obvious choice 
because of its Importance 1n laser materials, not because it satisfies 
the criteria outlined above. Er was an Ideal choice since three 
different energy gaps could be studied, all using the same 532 nm 
pump wavelength. Tm provided a large energy gap which was well suited 
to temperature dependent measurements. 
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1. Neod.ymi urn 
3+ The energy level diagram of Nd is shown in Fig. 7. There 

are two measurable gaps in the cascade down through the Nd Pump 

bands, one below the P,,, level, and one below the G,.- level. 
4 All the other energy gaps above the F,^ a r -e significantly smaller. 

The decay rates of both the Py„ a n d G7/2 w e r e determined from 
4 the rise of the fluorescence from the F,,, metastable level. 

When the Nd ion is excited by the 355-nm pump pulse, the decay 
of the P,,, is the rate limiting step in the relaxation down 

4 4 
to the fluorescing F,., level. The lifetime of the F,,, is 
very long compared to all the steps in the cascade through the 

4 
pump band. Thus the rise of the emission from the F,., is de­
scribed by 

I = (1 - e - V T ) I p 

2 where T is the lifetime of the P,., state and I the peak intensity. 
When the ion is exited by 532-nm radiation, the rate limiting 
step is the decay of the G,.„ level, which is much faster than the 
o 4 

3/2 r e l a x a t l 0 n - Again the rise of the F,., fluorescence is 
4 described by the same function with r being the G ?, 2 lifetime. 

4 The population in the F,,, level can be monitored by observing 
either the 1.06-um or the 880-nm radiation. A typical fluores­
cence rise signal and the associated plot of ln(I -I) are shown 
in Fig. 8. 

The two Nd measurements were the most difficult and least 
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Figure 7 Excitation and fluorescence schemes to study multlphonon 
relaxation. Wlggly lines Indicate the decays measured. 
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Figure 8 Fluorescence rise signal. The top signal'^ the Nd r 3, 2 

fluorescence at 1.06 um 1n silicate glass after pumping 
with 532 nm pulse. The lower trace is In (Ip - 1) from 
which the slope gives the decay time to the F 3- 2 level. 
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accurate of the multiphonon experiments. The early part of 
the rise 1s distorted by the system response (-3 ns) and by 
any leakage of pump radiation into the photomultiplier. As the 
signal nears the peak intensity, the noise on the long term signal 
Introduces a iarge error in (I - I). The combination of these 
sources of uncertainty limited the fastest rates that could be 
measured with confidence to about 10 sec . The rates in borate 
and phosphate glass are not determined since they are greater than 

8 1 2 10 sec . The P,,, decay could not be measured in tellurite 
glass because the glass strongly absorbs 355-nm radiation. 

2. Erbium 
The,three energy...naps that were-studisd in Er ar-a.shown in 

Fig. 7. After excitation with 532-nm pump radiation, the ion 
rapidly relaxes to the S,,, level, which nonradiatively decays 
across a gap of about 2800 cm" , resulting in an exponential decay 
of the S fluorescence (550 ran). The F g / 2 level immediately 
below the S3/9 decays faster than the S,,, since it has a smaller 
gap below it (2600 cm ). Thus the Fg/ 2 fluorescence signal 
rises to a peak Intensity as it 1s fed by the S,.,, and then 
decays with a rate that approaches that of the S,, 2 at long 
times. The rate equations for the populations N, and N, in levels 
1 and 2, which decay nonradiatively with rates W, and W, are 

Jl - -¥l => N] - Ne"^ %/2 JM!> 
where N is the number excited Ini t ia l ly. 4C N,(t) 

Fg / 2 _L_Sz. 

V w l 
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d N 2 = +N ]W1 - N 2W 2 

dt 

-W,t 
NW1 e - N 2W 2 

The solution for N_ is 

NW, -W,t -W~t) 

The peak population in N, occurs at t given by 

p 

W, e ' p = W 2 e " P 

t = 1" (Wj/Wg) 
P (W, - W 2) 

(37) 

After a direct measurement of the S 3 / 2 lifetime (W,), and deter­
mination of the time to the peak of the Fg, 2 signal, the 4 F . / 2 rate 
(W,) is determined by the final equation above. This transcendental 
equation was solved for values of t as a function of W, and W 2 > 

with the results plotted as contours of constant t , as in Fig. 9. 
For the two faster levels in Er, the 1-ns laser was used 

for excitation. The S-20 photomultiplier was appropriate for 
these emissions at 550 nm and 660 nm. The 550-nm emission from 
the Sj, 2 das too close to the pump wavelength of 532 nm for 
absorption filters to be effective, so the monochromator was 
necessary to eliminate scattered pump light. An example of the 
photomultiplier signal monitoring the F 3/g 1s shown in Fig. 10. 
The emission at 660 nm from the Fg,, 1s also shown in the figure, 
with the peak Intensity at about 200 ns after the pump pulse. 
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Flgure 9 Contours of constant tp from the solutions of Eq. (37), 
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Figure 10 Hultlphonon decay rate measurements in Er in silicate 
glass. The S,, 0 signal is shown at the top, and the 
4 ' 4 

9/2 b e 1 o w- T h e fluorescence from the 1^/2 w a s a n 

exponential decay like the top picture, but much slower. 
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4 4 
Errors in the value of the S 3 / 2 rate will affect the F „ / 2 rate, 
with a high value for the first yielding a low value for second. 

4 -1 
The decay of the I11/2 state in Er across a gap of -3300 cm 

was slow enough that the rise of the 1-um fluorescence was effec­
tively instantaneous when recorded on a time scale appropriate 
to the decay. The Chromatix laser pulses at 532 nm were used to 
pump in this case, so signal averaging was convenient. 
3. Thulium 

3 The largest energy gap in this study was the Tm F. to 
3 -1 
•%. gap of about 3800 cm . The Chromatix laser driving the 

optical parametric oscillator at 680 nm excited Tm into the 
3 3 
F, state from which it relaxed rapidly to the F, (see Fig. 7). 

3 Emission at 800 nm was observed as a monitor of the F. population. 
The uncertainty in determining the energy gap for this transition 
was large, due to the unusually broad (1000 cm" ) absorption 
bands. Fig. 11 shows the absorption bands due to the two levels 
of interest in Tm. The broad wing on the short wavelength side of the 
3 HE absorption made the assignment of a definite energy gap more 
ambiguous for Tm than for any of the other gaps. Two possible 
explanations of the broad lines are 1) unusually large Stark 
splitting of the level combined with inhomogeneous broadening 
to smear out the Stark levels or 2) unusually strong vibronic 
sidebands where photon absorption is accompanied by phonon emission. 
Tm absorption spectra were recorded for all five glass composi­
tions, and although the phonon spectra differ greatly from glass 
to glass, the Tm lines were very similar. This fact supports the 
explanation based on Stark splitting. Vibronic spectra and Stark 
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Figure 11 Tm absorption spectrum In silicate glass showing the 
3 3 

broad wings on the He and F. peaks. 
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spectra would have similar temperature dependences, which rules 
out an easy resolution of this question by low temperature absorp­
tion measurements. 

The large energy gap in Tm results in a low nonradiative rate, 
so the radiative contribution must be subtracted from the observed 
rate, at least for germanate and tellurite glasses. The nonradi­
ative rate in silicate, phosphate, and borate glasses was greater 
than 3 x 10 sec" so the radiative correction was not made for these 
three. 

F. Glass Compnsitinns 

The glasses chosen for this study were simple three component 
oxide glasses in which the network forming complex varied through the 
series: TeO,, GeO,, SiO,, Pp0c> ^?®3- Bouglas Blackburn of the National 
Bureau of Standards supplied these samples. Silicate and phosphate 
glass were the first choices because of their use in glass lasers. The 
other three glioses were included after it became apparent that phonon 
spectra determined nonradiative rates in glasses just as in crystals. 
Borate glass was known to have higher energy phonons ':ian silicate or 

lfi 3 2 ^^ ?fi 

phosphate ' while tellurite and germanate have lower phonon cutoffs. '"' 
In addition to the series of five glasses, the same measurements were 
made on a commercial silicate laser glass, Owens-Illinois ED-4, doped 
with Nd, Er, Tm. and Pr. 

Table I shows the chemical compositions of the five oxide glasses 
and ED-4. The composition chosen for tellurite glass did not result 
in a stable glass sample, so a slightly different composition was 
obtained. This glass is also listed in the table. The five NBS glasses 



Compositions in M0L% 

¥ 3 p_£i Si0 2 Ge02 Te02 Na20 BaO Er 2 0 3 Tm203 

Borate ee.e 15 18 0.2 0.2 

Phosphate 66.6 15 18 0.2 0.2 
Silicate 66.6 15 18 0.2 0.2 
Geraanate 66.6 15 18 0.2 0.2 
Tellurite 66.6 15 18 0.2 0.2 

Improved Tellurite 

TeO, 

82 
A 1 2 0 3 

12 
WO, Er 20 3 

0.2 

ED-2 Composition in wt.% 

SiO, 

65 

A 12°3 
4.7 

Li 20 

16.4 

CaO 

10.3 

CeO, N d2°3 
0.5 (0.1 to 6) 

Table I: Glass compositions. Ncte that ED-4 refers to the base glass from which ED-2 is made 
by the addition of Nd 20 3. 
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were doped with both Er and Tm in each sample. This did not greatly 
complicate the experiments because Tm does not absorb at 532 nm and Er 
does not absorb significantly at 680 nm. The concentration of rare-
earth ion was kept low (0.2 m o U ) in order to avoid any ion-ion interac­
tions. 

6. Multiphonon Decay Results 
The results of the measurements of multiphonon relaxation in 

ED-4 silicate glass are presented in Fig. 12. The rates are plotted 
on a logarithmic scale versus the energy gap to the next lower level 
on a linear scale. The exponential dependence predicted by the theory 
and observed in crystals is clearly valid for the rare-earth energy 
levels studied. One datum is presented in Fig. 12 tnat was not 
available for the other glass compositions, that is the Pr P Q to 
0- decay across a gap of 3500 cm" . This decay was observed by pumping 

with the 473-nm pulses from the Chromatlx laser and observing the emis­
sion at about 622 nm. 

4 -1 
The Nd G7/0 decay at 1400 cm was not included 1n determining 

the best line through the data. This energy gap cannot be bridged 
by a single high energy phonon In silicate glass, but the gap is much 
less than two high energy phonons; the theory Is not expected to apply to 

4 it. The Nd fy? decay is indicated on the plot. This is not a measured 
point; It Is an extrapolation of the best line through the other data. 
This Is the Nd laser level which has a radiative rate of 2.5 x 10 3 sec" 1, 
much greater than the nonradiative rate. A limit to the multiphonon 
rate of the Fj, 2 level was determined from the temperature dependence 
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Figure 12 Hultiphonon decay rates as a function of energy gap to 
the next lower level for rare earths 1n ED-4 silicate 

4 
glass. The extrapolation to the Hd F,,2 rate is in­
dicated. 
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measurements to be described below. 
The dependence of the multlphonon rate on glass composition is 

Indicated in Fig. 13. Multlphonon rates for the rare-earth decay 
schemes described above are shown for the five simple oxide glass 
compositions of Table I. The particular energy levels are listed at 
the top of the plot, and the energy gap to the next lower level is the 
x-ax1s. The fastest decay rates are those of the borate glass, which 
fall on a straight line quite well. The phosphate glass 1s next 
fastest, followed by the silicate. The silicate rates are equal within 
experimental error to the rates in the more complex silicate glass, 
ED-4. The germanate and tellurite glasses do not fit the exponential 
dependence as well as the other three, but in all cases the multiphonon 
rate for a given level In the germanate is faster than the rate 1n the 
tellurite. The experimental error 1n these measurements 1s about twice 
the size of the data points on the graph, an uncertainty of a little 
less than a factor of two. 

Relsfeld 2 6 has indirectly measured multiphonon rates for the 
4 4 Er S3. 2 and Er F Q / 2 levels in germanate and tellurite glasses, but 

her results are consistently below the values found here. 
Q A 1 

Rates from 10 to 10 sec were measured in these experiments. 
The exponential dependence on energy gap predicted from the theory of 
multiphonon relaxation Is valid to an accuracy of a factor of two 
in the five glasses studied. The rates for these glasses differ by 
a factor of 10 from the fastest (borate) to the slowest (tellurite), 
for any particular energy gap. Even the tellurite decays are ten times 
faster than the fastest measured rates in crystals for similar energy 
gaps. This large variation with composition and the differences from 
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Figure 13 Hultlphonon decay rates of rare-earth ions In five oxide glasses as a function of energy gap to next lower level. Th-j Ions and energy levels whose decays were measured are Indicated at the top of the figure. 
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glasses to crystals were investigated by means of temperature depen­
dence measurements and their correlation with phonon energies derived 
from Raman spectra. 

H. Raman Spectra 
As explained above, the t anperature dependence of the multiphonon 

relaxation rate arises from the Bose-Einstein expression for the 
occupation numbers of the phonon modes. If tne multiphonon relaxation 
can be accurately represented by a single phonon frequency, such that 
pfiio = AE, then the variation of the rate with temperature will serve 
to identify the active phonon frequency. The phonons that are present 
in the glasses were determined by Raman spectra. Identification of 
the Raman peaks provides a limited number of choices for the frequencies 
to be tested in the temperature dependence experiments. Thus the com­
bination of the Raman spectra and temperature variations of the multi­
phonon rates gave a self consistent test of the phonons responsible 
for the decay. 

The theory of vibrational Raman scattering in glasses has been 
developed 1n detail. ' The present work involves only the energies 
of the various Raman peaks, so only a brief description of Raman scat­
tering will be given. Classically the response of a material to an 
applied electromagnetic field is given by the polarization P of the 
medium: 

P ' oE (38) 
The polarizability of the material is «, and E is the applied field, 
laser radiation 1n the present case. The polarization has the time 
dependence of the incident radiation at frequency u . The Born-
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Oppenheimer or adiabatic approximation states that the electrons in 
the material Instantaneously adjust to the changing positions of the 
nuclei, since the electrons are so much less massive. The polariz-
ability may be expanded in terms of the nuclear coordinates: 

a = % + lfC' + lq^ <' 2 +--- <»> 
Taking only the first two terms, the polarization is given by 

« „ E + & " E (40) 

The material polarization may be viewed as a dipole field which radi­
ates to give the Raman scattered light. The a term gives the unshift 
Rayleigh scattering, while the term proportional to a q has frequency 

Ve^Sf^WV 
Ve^J^e1'^ (41, 

where ID is the frequency of the nuclear motion, the phonon frequency. 
Thus the scattered radiation reflects the vibrational frequencies of 
*,he material. In crystals, there are selection rules resulting from 
the translational and point group symmetries that limit which phonon 
modes can contribute to Raman scattering. These selection rules are 
generally relaxed in glasses, so that essentially all modes are observed 
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in Raman spectra, although the relative intensities of Raman 
peaks vary with glass composition. , 1 4' Z 1 For example, the 1100-cm 
peak in silicate glass (Figure 14) is not seen in the Raman spectrum 
of fused silica. 5 This does not mean that the vibration is not pre­
sent; it is observed in the infrared spectrum, but selection rules 
prevent its Raman activity. • As network modifying ions are added 
to fused silica, the selection rule is broken and the peak appears 
in the Raman spectrum. For the purposes of this work only the energy 
shifts indicative of the phonon energies are important, so the relative 
intensities were not considered. 

The direction of polarization of the scattered light is an 
indication of the symmetry of the vibration. Raman scattered light 
is viewed at right angles to the Incident light through a polarizer 
which passes the polarization that is either parallel or perpendicular 
to the plane of incidence. The depolarization ratio is defined as the 
scattered intensity with perpendicular polarization divided by the 
intensity with parallel polarization. The two extremes for the de­
polarization ratio are zero for scattering from totally symmetric 

3fi 

vibrations and 0.75 for totally asymmetric vibrations. Asymmetric 
vibration 1s one in which the molecule retains its stationary symmetry 
throughout the period of the vibration. For example, the breathing 
mode of a tetrahedral molecule is a symmetric mode. 

Figure 14 shows the polarized and depolarized Raman spectra for 
the simple silicate glass used in these experiments. Clearly the large 
peak at 1100 cm is a highly symmetric vibration, as is the mode at 
550 cm" . In general the polarized spectra were used in Identifying 
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Figure 14 Polarized and depolarized Raman spectra of silicate 
glass. The top curve records scattered light polarized 
parallel to the plane of Incidence; the botton curve is 
perpendicular polarization. 
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the high energy vibrations of the various glasses. The polarized 
spectra of the five simple glasses are shown 1n Fig. 15, and the 
spectrum for ED-4 1s F1g. 16. All spectra were provided by R. C. 
Harney and F. P. Milanovlch, who have published the details of the 
Raman spectrometer with which these spectra were obtained. 

The highest energy peaks in the Raman spectra of the five simple 
glasses fall in the same order as the multiphonon rates; borate with 
the highest energy vibration has the fastest rate, followed by phos­
phate, silicate, germanate, and finally tellurite with the lowest 
energy phonons and the slowest multiphonon rates. For comparison 
with crystals, the highest energy phonons in the crystals surveyed 
by Riseberg and Weber' 3 are 600 to 700 cm , whereas the tellurite 
glass has 800-cm phonons and the borate spectrum goes up to 1400 cm" . 

I Temperature Dependence 
The purpose 0f_the_tempe4^ure"depmiffiTlcTTne^urTrnents was to 

-establish that the highest energy glass vibrations are responsible 

for multiphonon relaxation, a fact that 1s Indicated by the correla­

tion between the high energy cutoffs and the magnitudes of the 

multiphonon rates in the five glasses. Assuming that the number of 

oscillators that couple to-the ion is greater than ten, so that the 

terms (n + l ) (n + 2)... are relatively unimportant, the multiphonon 

theory predicts a temperature dependence of the form 

Wp = W 0 ( n + l ) p ( 4 2 ) 

The occupation number for a given frequency of phonons 1s given by 
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Figure 15 Polarliui Raman spectra of five oxide glasses. 
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Figure 16 Polarized Raman spectrum of ED-4 silicate glass. 
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nfo.T) = ! , % 

e1i«./kT_ , (43) 

Using (43) in the multiphonon rate expression (42), the resulting 
temperature dependence is 

W D = Wo< ! >" < 4 4 ' 
P i . e-^m 

where W is the low temperature rate, and p phonons of energy hoi bridge 
8 38 39 

the gap AE. Riseberg, Reed, and others have Introduced into the 
temperature dependence the depletion of the decaying level by thermal 
population of higher lying levels of arbitrary degeneracy which are 
assumed to be nondecaying. This latter assumption 1s not justified 
in the present case since the energy gap for these thermally populated 
levels Is not significantly greater than for the decaying level itself, 
and multiphonon theory predicts that the energy gap alone determines 
the decay rate. 

The experimental apparatus for measuring the temperature depen­
dence of multiphonon rates is shown schematically 1n Fig. 17. An 
electrically heated "clamshell" oven wrapped with asbestos insulation 
surrounded the sample. Three holes in the insulation permitted the laser 
pump pulse to enter and exit and allowed the fluorescence to Illuminate 
the photomultiplier. A thermocouple in contact with the glass sample 
monitored the temperature. The Chromatlx optical parametric oscillator 
operating at 680 nm pumped the F 2 level of Tm, and the fluorescence 
at 600 nm was monitored. This particular energy gap of 3800 to 4000 cm 
was chosen because it was the largest (highest order) gap available 
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Figure 17 Schematic diagram of apparatus to measure the temperature 
dependence of multlphonon decay rates. 
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for which the nonradiative rate dominates the radiative rate. The 
higher the order of the process, the greater the temperature dependence 
according to Eq. (44). 

As an example of the details of fitting the theoretical tempera­
ture dependence to the experimentally determined decay rates, the silicate 
results are shown in Fig. 18. The curves illustrate the expected 
temperature dependence for a four phonon decay of 1000-cm phonons 
and a five phonon decay involving 800-cm" phonons. It is clear 
that the high energy phonons are active in the decay, but it is not 
possible to definitely assign the decay to a particular phonon energy. 
A four phonon decay involving either 900-cm" or 1100-cnT phonons 
fits as well. The restriction of p to integral numbers determines 
the phonon energy if the energy gap is known; however, the gap may 
vary from ion to ion, and it is not known accurately. Three phonons 
of one energy and one of another energy have been fitted, but the re­
sults are no more definitive than the single frequency model shown. 

The high energy peaks in the Raman spectra consist of more than 
one type of vibration. In the simple silicate, there is evidence for 
an unresolved peak at about 1025 cm between the two large peaks at 
1100 and 950 c m . The depolarized Raman spectrum in Fig. 14 shows 
this peak more clearly, since the strongly polarized peaks at 1100 
and 950 cm" are very weak in the depolarized spectrum. Thus there 
are at least three high energy peaks 1n the silicate glass which may 
be active in multiphonon relaxation, but the energies are too similar 
to be differentiated by these temperature dependence measurements. 
In the absence of information about the site occupied by the rare-earth 
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Figure 18 Temperature dependence of the Tin %to 'He decay In 
silicate glass. The fits to Eq. (44) with four 1000-cm 
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ion or the coupling of the 1on 1n glasses, the active vibration cannot 
be predicted. It is clear from these results that phonons of approxi­
mately 1000 cm are responsible for the multiphonon decay. The order 
of the process If not the exact phonon energy 1s evident from the 
temperature dependence. 

Figure 19 shows the best fits for the Tm decays in phosphate, 
silicate, germanate, and tellurite glasses. The Tm decay In borate 
showed variation with temperature that was less than the experimental 
error, consistent with the low order of the process using 1400-cm 
phonons. In the case of germanate glass, a radiative rate (independent 

3 1 
of T) of 10 sec" has been included. This rate was calculated from 

?fi 3 
Relsveld's value of the oscillator strength of the F^ level in 

3 1 
germanate glass. The value of 3 x 10 sec was estimated for the radia­
tive rate in tellurite glass by comparing the Judd-Ofelt parameters 
for Er 1n tellurite and germanate glasses with those of Tm in germanate 
glass. 2 6 

In each of the four glasses presented in F1g. 19, the observed 
rates are consistent with multiphonon decay involving the high energy 
phonons 1n the lowest order process subject to energy conservation. 
The lack of variation with temperature in the borate glass 1s also 
consistent with this model. 

The number of oscillators available to take up the 4000 cm 
In the Tm decay is probably large enough that the highly excited 
single mode terms (n + l)(n + 2)... are less important than the (n + l ) p 

terms. However, In order to show the difference in the two temperature 
dependences, F<g. 20 Includes a fit to the silicate temperature 
dependence for both types of stimulated terms. In the present work 
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19 Temperature dependence of the Tm 3F„ to 3 H g decay for 
four oxide glasses. The number and energy of the phonons 
in Eq. (44) are indicated. Radiative rates were included 
for tellurite and germinate glasses. 
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Figure 20 Tm F. to 3He decay 1n silicate glass with temperature 
dependence for multlmode decay, (n + 1) , and for a 
single mode receiving all 4 quanta, (n + l){n + 2) 
(n + 3)(n + 4). 
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the temperature range was limited to values below the melting point 
of the glasses, about 800 K. The high energy vibrations in glasses 

40 are known to persist in the molten state, and it is probable that 
these measurements could be extended to temperatures above the melting 
point of the glasses with the appropriate apparatus. A larger temperature 
range would differentiate more clearly between various phonon relaxa­
tion processes, provided that other effects such as changes 1n the radia­
tive rate are negligible. Since high order processes have a greater 
increase with temperature, it 1s possible that lower energy phonons 
might dominate the relaxation at sufficiently high temperature, where 
the higher phonon occupation may make up for the small low temperature 
rate. 

a The nonradiative component of the Nd F,,, decay in laser glasses 
is of considerable practical Importance to understanding and improving 
glass lasers. It is clear from the results shown in Fig. 13 that a 
borate glass would have low efficiency due to the high multiphonon 
decay rate of the laser level. The rate for silicate and phosphate 
glasses is expected to be less than the rate for borate from the extra­
polation of the curves for these glasses in Fig. 13, and both glasses 
are known to be efficient as Nd laser hosts. It is not known, however, 
just how efficient these glasses are. The purpose of the experiment 
to be described below was to determine the nonradiative decay rate 
for the silicate laser glass ED-4. 

In principle the multiphonon rate can be extracted from the ob­
served tot*! rate as a function of temperature, since the multiphonon 
rate is expected to vary as ( n + 1)P. The energy gap below the Nd 4F, / 2 
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level is about 4800 cm" , which makes thi' decay a fifth order process 
for the 1000 cm phonons in silicate glass. In this case the radiative 
rate is large compared to the multiphonon rate, so the variation of 
the radiative rate with temperature must be accounted for. Radiative 
rates have been calculated*1 for the levels of Nd above the F ™ , 
so these values can be substituted in the expression for the total rate: 

R j ) Eg,- e- Ei / k T (45) 

W. is the radiative rate of the i level, at an energy E. above 
4 the F 3 / 2 with degeneracy g. = J + 1/2. The radiative rate can either 

increase or decrease with temperature according to whether the ther­
mally populated levels have greater or smaller radiative rates than 
the 4 F 3 / 2 . 

The complication in applying these considerations to Nd in ED-4 
is that the fluorescence decay is nonexponential, resulting in a rate 
that varies throughout the decay, even in very dilute Nd concentrations 
where ion-ion interactions are negligible. The calculated radiat've 
rates represent an average over the inhomogeneous distribution of ion 
sites. The observed decays become exponential at very long times, 
after the ions with faster radiative rates have decayed. This long 
term decay rate was chosen as the rate to be measured since it is 
uniquely defined. Using Krupke's values*1 for radiative rates in 
Eq. (45), the rate at 673 K was found to be 0.94 times the low 
temperature rate. The absolute value of the calculated radiative 
rate does not agree with the observed long term rate, but the factor 
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0.94 is a reasonable approximation to the expected decrease 1n the 
long term rate. The total rate at 673 K will be 

W t(673) = .94 ( W t(300) - W p r ) + ( n(673) + 1 ) 5 W n r (46) 

where W t(300) is the observed total rate at 300 K, including W , 
the nonradiative rate at 300 K. The Bose-E1nstein occupation number 
n(673) was calculated for 1000-cm phonons at 673 K, resulting in an 
increase in the nonradiative rate of (n + 1) = 1.87. The two experi­
mentally observed rates are accurate to about 5%, they are 
W t(673) = 2.67 x 10 3 sec"1 and W t(300) - 2.35 x 10 3 sec" 1. The nonradiative 
rate computed from Eq. (46) Is then 600 sec , but this result 
is very sensitive to the errors in the predicted radiative rate at 673 K 
and to the measured long term rates. For instance, a 2 percent error 
in the predicted temperature factor 0.94 gives a 20 percent 
difference in the result for the nonradiative rate. This is the most 
likely source of error. A 6 percent error in the observed rates 
contributes 20 percent uncertainty to the final result. The value 
of about 200 sec" from extrapolation of the curve 1n Fig. 13 is 
probably more accurate than the result derived from the temperature 
variation of the observed decay. 

The results of the multlphonon and temperature dependence mea­
surements provide justification for applying the multlphonon theory 
developed for crystals to the case of glass hosts as well. The concept 
of a phonon Is valid for glasses, at least for the high energy localized 
vibrations, consistent with the model used here for a glass lattice. 
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All the glasses studied in this work were oxide glasses, where the 
rare-earth ion is coupled to the lattice vibrations through the field 
of neighboring oxygen ions. Cc iparisons between the multiphonon rates 
in oxide glasses are made on the basis of phonon cutoff energy. These 
same characteristics may not be common to other glass forming systems 
of interest for rare-earth hosts. Halide glasses have similar struc­
ture,but the bonds are more ionic than in oxides. Chalcogenide glasses 
have very different structural character, and a much wider range of 

13 binary glass compositions. While the phonon spectra of these glasses 
may be found from Raman or infrared measurements, knowledge of the phonon 
energies compared to oxide glasses does not imply knowledge of the 
relative multiphonon rates. For example, in BeF, glass the highest 
energy phonons are only about 800 cm" ;

1 5 but until multiphonon rate 
measurements have determined the coupling of the rare-earth ion to these 
vibrations, the nonradiative rates n BeF 2 cannot be predicted. Ex­
perience with a f^w compositions of halide or chalcogenide glasses 
will probably allow predictions of the behavior of other compositions 
based on phonon spectra. 
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Chapter H I : Energy Transfer 
A. Introduction 

Ion-Ion Interactions are Important In the operation of rare-
earth lasers and fluorescent devices. When an Ion Is excited Into 
a metastable level, three means are avllable for relaxation to the 
ground state: the Ion can radiate, It can decay nonradlatlvely by 
multiphonon emission, or It can transfer Its excitation to another 
Ion. It Is these latter energy transfer processes that are the sub­
ject of this section. The motivation for this work was the need for 
a better understanding of the Interactions among the excited and un-
exclted Nd ions In a glass laser. Soon after the development of the 
Nd:glass laser, the Nd lifetime was observed to shorten as the Nd 
concentration was increased.42 This Is an indication of energy transfer, 
since the properties of the Individual Ions are affected by the pre­
sence of other Ions. 

Energy transfer of the type considered here was first encountered 
1n nuclear magnetic resonance experiments where the relaxation time 
of aligned spins could only be explained by diffusion of the excita-
Hon to Impurities which quenched the spins. Energy transfer between 
rare-earth ions finds application today in infrared quantum counters 
or infrared to visible converters as well as in sensitizing solid state 
lasers. These energy transfer phenomena can have both good and bad 
effects on laser materials. In the "alphabet YLF" laser. Ho is the 
lasing ion, but Er, Tm, and sometimes ib ions are included in the 
YL1F, crystalline host to effectively absorb pump light and transfer 
excitation to the Ho ions. 4 4 Concentration quenching Is an example 
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of undesirable effects due to energy transfer. 
Forster worked out the theory of fluorescence quenching for 

organic dyes where the excited dye molecules interact with nearby 
quenching molecules by a dlpole-dlpole Interaction. Dexter later 
applied this theory to sensitized luminescence in solids. Since then, 
many workers have contributed to the experimental and theoretical treat­
ment of energy transfer, so many in fact, that only those aspects of 
energy transfer that are relevant to the goals of this work will be 
mentioned here. A recent comprehensive review of energy transfer theory, 

47 experiment, and application 1s given by Watts. Glass hosts are not 
ideal for experiments designed to study fundamental energy transfer 
processes in solids because of the inhomogeneous ion environments. 
The results derived from the study of crystals will be applied to glasses 
and particularly to silicate and phosphate laser glasses. 

Energy transfer between ions In a solid can be accomplished either 
radiatively or nonradiatively. Only the nonradlative processes will 
be of Interest here. Radiative transfer is easily treated by measuring 
the absorption and emission characteristics of the ions involved and 
allowing for the geometry of the experiment. Radiative transfer rates 
depend on the number of ions between the excited volume and the ob­
server and their emission or absorption strength. Nonradlative transfer 
on the other hand is dependent on the density of ions, not on the total 
number.4* In radiative transfer, the lifetime of the excited 1on, as 
Indicated by its fluorescence decay, is not affected by the presence 
of other ions. The other ions absorb the photons, but the rate at which 
the photons are emitted is not changed. The individual ion does not 
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"know" that other Ions are present. This 1s not the case In nonradi-
atlve transfer, where transfer 1s accomplished by a coupling mechanism 
between the Ions. For transfer to be significant, the rate of transfer 
from one ion to another must be comparable to the rate at which the 
ion radiatively decays. If the excited ion gives up Its energy to an 
ion that does not radiate, the observed decay rate will be greater 
than the radiative rate, since the number of radiating ions is decreased. 
If the transfer occurs between Hke Ions, the excitation is not lost, 
and the decay rate does not change. 

In the systems of interest here, the Ions are weakly coupled to each 
other, so that proper basis states are the isolated ion wave functions. 
Kenkre and Knox have discussed the difference between this weak coupling 
vhich Is treated by perturbation theory and strong coupling in which the 
state of the system is a mixed state. In this latter model, the 
excitation effectively oscillates between the two Ions, whereas with 
weak coupling there is a monotonically increasing probability that 
the excitation will transfer. 

B. Theory 
The rate of energy transfer between Ions is calculated here 

from Fermi's Golden Rule, where the coupling between the ions Is 
treated as a small perturbation. The wave function for the calculation 
is the product wave function of the two Ions, each in its ground or 
excited electronic state. For the transfer of excitation from ion A 
initially in excited state xj to ion B initially In its ground 
state x R. the matrix element is 
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M = <X Al<Xg|H 1 o t|xJS>lx B> (47) 

The final state with A in its ground state x A and B 1n its excited 
state xS represents the transfer of the excitation from A to B. The 
rate is given by 

V| = *L |H|2 p(E) (48) 

The perturbation H. t can be one of several coupling mechanisms. 
Exchange coupling results from the overlap of the wave functions 
of A and B, and Is consequently a very short range interaction falling 
off exponentially with the distance between ions. Calculation of the 
exchange transfer probability requires antlsymmetrized wave functions, 
not just the products used above; Although exchange Interactions 
are Identified by some authors as the effective coupling for energy 

49 
transfer in systems with high concentrations of ions, the low con­
centrations of interest here make exchange coupling a very unlikely 
mechanism. A second proposed transfer mechanism that will not be 
considered here 1s virtual-phonon exchange formulated by Orbach and 
Tachlkl 5 0 and later extended by OeLosh and Grant. The latter work 
predicts the same dependence of the rate on ion-Ion separation as 
in the dipole-dipole case to be discussed below. There is at present 
no experimental evidence supporting the virtual-phonon interaction. 

The Coulomb interaction between two Ions separated by relatively 
large distances (-3 nm) provides sufficient coupling to bring about 
transfer of excitation. The expansion of the electric field of one 
Ion gives dipole, quadrupole, etc., contributions. (The charge of 
the ion Is compensated by the neighboring Ions 1n the material, so 
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the material is electrically neutral over distances of Interest here.) 
The energy of Interaction of one dipole In the field of another dipole 
varies as R , where R 1s the distance between the ions. A dipole-
quadrupole Interaction energy varies as R , and quadrupole-quadrupole. 
Interactions as R , etc. When this electrostatic Interaction is used 
in the Golden Rule calculation of the rate for energy transfer, the 
rate varies as R u for dipole-dipole, R for dipole-quadrupole, 
R" for quadrupole-quadrupole, etc., since the Interaction matrix 
element is squared. 

Dexter has shown that the dipole-dipole interaction between two 
ions can be expressed in a straightforward way in terms of the dipole 
matrix elements connecting the ground and excited states of the 

4fi individual ions. Since these same dipole matrix elements cause 
electric dipole radiation and absorption, they are easily evaluated 
from optical data. For ion A with normalized emission line shape 
ffl{E) and radiative lifetime x«, transferring its energy to ion B 
with Integrated absorbance Q» and normalized lineshape M E ) , the 
rate of transfer is 

W . 3h\* I % t / W a l i L « (49) w 00 U'?-* 7~F 
The constant C k is the local field correction to the dielectric constant 
and 1s generally taken to be 1. The dependence of the rate on the sixth 
power of the separation Is evident. Qualitatively, the rate also 
depends on the strength of the dipole transitions of the two Ions 
and the extent to which the energies are resonant The integral of 
the lineshapes, an overlap Integral, gives the necessary energy con-
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servatlon. Similar expressions for the dipole-quadrupole and higher 
order Interactions could be derived, but the matr elements are not 
available from absorption and emission data as they are for dipole-
dipole transfer. Watts indicates the procedure for calculating the 
dipole-quadrupole transition probability from known radial integrals 
of rare earths. 

With this understanding of the interaction between two Ions at 
a distance R from each other, the effects of these interactions among 
all the Ions on the macroscopic properties of the system of ions will 
be examined. Transfer can occur between like ions, hereafter referred 
to as diffusion, or between unlike 1on% referred to as quenching. 
The possibility of back transfer (A->IH>A) will be neglected. In 
the cases of interest here, the B ion rapidly relaxes from the resonant 
state to a lower nonresonant level that cannot transfer back to the 
A ion. Diffusion does Involve back transfer. 

Diffusion alone in a system of excited Ions 1s not observable 
in a fluorescence decay experiment, since the decay rate 1s not 
changed by the diffusion of the excitation among the ions. Quenching 
of excited ions of one variety to unexdted ions of a second variety 
Is observable either as an increase In the decay rate of the initially 
excited ions or as characteristic fluorescence from the previously 
unexcited quenching ions. The effects of diffusion become observable 
through the combination of quenching and diffusion, so quenching will 
be treated first. 

When a random distribution of ions of type A are excited into a 
metastable electronic state, each ion has the same probability for 
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radiative decay, resulting 1n a purely exponential fluorescence decay 
for the ensemble of Ions. If quenching Ions of type B are also present 
and randomly distributed 1n the material, some of the excited A Ions 
will be sufficiently close to a B 1on for energy transfer (quenching) 
of the excitation from A to B. Since the transfer probability varies 
inversely with the distance between Ions, some A Ions will be so far 
from the nearest B ion that they will only decay radiatively. The 
rate of decay for any Ion 1s just the sum of the radiative rate and 
the transfer rate, so the decay rate of Individual A ions will vary 
as the distances to nearby B Ions varies 1n a random way. Only Ions 
with identical environments will have Identical decay rates. The 
observed decay of the collection of A ions will no longer be determined 
by a single rate, but by a SUM of exponential decays with some dis­
tribution of decay rates. Those Ions which are near quenching centers 
will decay rapidly, so the decay rate at short times after excitation 
will be large; after these Ions have decayed, only those Ions with 
no quenching Ion nearby will remain excited and the decay rate will 
be just the radiative rate. Therefore quenching in the absence of 
energy migration among the A 1ons will be characterized by a nonex-
ponential fluorescence decay with the rate approaching the purely 
radiative rate at long times. 

Forster developed the theory of quenching, assuming dlpole-
dlpole interactions between dye molecules. 4 5 He showed that for a uni­
form distribution of quenching Ions the spatial average of the 
quenching transitions gives a decay function following short pulse 
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excitation of the form 

•(t) • exp {- i - C N q t 1 / Z } (50) 

where T Is the radiative lifetime, and N is the concentration of 
quenching Ions. A more general derivation of the quenching rate in 
the absence of diffusion gives'* 

•It)-exp J - | - r ( l - | ) J a ( | ) 3 / S j (51) 

Where s « 6 for dipole-dipole, s « 8 for dipole-quadrupole, and s * 10 
for quadrupole-quadrupole Interactions. r(x) 1s the gamma function, 
and N 0 1s the critical concentration at which the probability for 
quenching is equal to the radiative probability. Several authors 
have attempted to use this fluorescence decay function to determine 
which multlpole term is responsible for quenching In various systems?2 

Inokutl and Hlrayama have given a similar nonexponontlal function 
for exchange coupling. 9 It is difficult to distinquish between an 
initial decay that varies as t ' (dipole-dipole) and one that varies 
as t (di; quadrjpole), since these dependences hold only at 
very early times after excitation. When diffusion among the excited 
ions 1s taken into account, it becomes even more difficult t- determine 
s from fluorescence decay curves. 

A series of theoretical decay curves for different concentrations 
of quenching ion are shown in F1g. 21 where Eq.(50) for dipole-
dipole Interactions was used. It is important to note that at very 
long times the slope of the decay curves on a semi-logarithmic plot 
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Figure 21 Fluorescence decay with dlpole-dlpole quenching. The 
log of the fluorescence from Eq. (SO) Is plotted as a 
function of time 1n units of the radiative lifetime T , 
for CNq « 0, . 1 / T 1 / 2 , . 5 / T 1 / Z , and 2 / t 1 / z . 
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all become equal to the radiative rate, indicating that all ions 
near quenching centers have already decayed. 

It is common to approach the problem of energy transfer experi­
mentally by measuring quantum efficiencies. Quantum efficiency is 
defined as the ratio of the number of ions that decay radiatively 
to the number of ions initially excited. These experiments are diff­
icult, since geometry, excitation densit' 'absorption, or other 
changes from sample to sample affect the .......ured values of quantum 
jfficiency. Studying the time dependence of the fluorescence decay 
1s independent of geometry and 1n this way is less subject to error. 
Quantum efficiency measurements give the integral of the decay function 
over time, with proper allowance required for pulsed or continuous 
excitation. 5 3 

Diffusion of the energy among the ions of type A, the active ions, 
may be iaster than the quenching Interaction since diffusion is gener­
ally a resonant process. For rare-earth Ions there is no Stokes shift, 
so the transition from the metastable level of an excited ion to 
its ground state is exactly resonant with the transition from the 
ground rtate of an identical Ion nearby to its excited metastable 
level. This assumes that all ions of type A have the same energy levels, 
which 1s not the case for the Inhomogeneously broadened levels found 
In rare-earth ions In glass. The decrease In the transfer rate 
between Ions in different crystal field environments results from a 
decrease in the overlap integral 1nEq.(49) when fft(E) and fft, (E) 
ire shifted in energy. 
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The diffusion of excitation among ions in a solid is different 
from the case of diffusion of a gas, since the excitation is moving 
from one discrete site (ion) to another and not moving along a contin­
uous path as a molecule in a gas moves. This discontinuous hopping 
of the excitation can be approximated as classical diffusion, although 
Artamonova et al.find that the diffusion in the Nd: glass system 
is best described by a stepwise rather than continuous theory. The 
evidence for a distinction between the two descriptions 1s not compelling, 
and the simpler case of classical diffusion will be used here. 

Although diffusion Is a spatial process, in the case of irthomo-
geneous ion systems, it may be manifest as spectral diffusion. Re­
cently fluorescence line narrowing experiments have exhibited spectral 
diffusion directly. With narrow bandwidth laser excitation it is 
possible to excite only those Ions in an Inhomogeneous distribution 
which have local environments that give rise to an energy level that 
is resonant with the laser line. Other ions (n different sites are 
not excited since they have no energy level resonant with the laser. 
The emission from the selectively excited ions 1s characteristically 
narrow, reflecting the homogeneous linewidth of the ions. After a 
short laser pump pulse, diffusion of the excitation from the selectively 
excited Ions to all the other ions in the Inhomogeneous distribution 
will cause the initial narrow fluorescence to gradually broaden until 
the full innonogtneous line 1s observed. The characteristic time of 
this spectral diffusion Is the same as the spatial diffusion time. 
Both types of diffusion will be temperature dependent, since phonon 
energy is required to make up the difference between nonresonant Ions. 
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Spectral migration has been observed in Eu in glass in fluorescence 
line narrowing experiments, and this technique represents the 
best prospective method for directly measuring the diffusion rate in 
Nd:glass. 

Forster's treatment of quenching was in the limit of no diffusion 
of the excitation in the A molecules. The other extreme, quenching 
with very fast diffusion, gives a particularly simple result, namely 
exponential decay. In between the extremes of no diffusion and fast 
diffusion,the theory is more complicated. In fast diffusion, the 
initially uniform distribution of excited ions remains uniform, since 
as soon as an ion is quenched or radiates, the diffusion process re­
distributes the remaining excitation uniformly throughout the medium. 
This is not the case with no diffusion where quenching ions are surrounded 
by an ever increasing sphere within which there are no excited Ions. 
The total decay with fast diffusion will be determined by those ions 
which are closest to quenching centers and thus have the fastest decay 
rates, but the rate will be Independent of time since the distribution 
of excitation is always the same. A decay rate that is independent 
of time leads to a pure exponential fluorescence decay. 

Mathematically the number of excited ions as a func'ion of time 
is given by 

M l = . Nl . N*N W 
3t T " Nq wM (52) 

N*(t) = exp {-j-N qW M} (53) 
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W 1s th- quenching rate for >:hose ions that are closest to quenching 
Ions. This Is the same result as the Stern-Volmer model for energy 

49 transfer that Is Independent of the distance between Ions. The details 
of the configuration averages that lead to Eq. (S3) have been worked 

56 out by Grant who pointed out that the form of the decay 1s Independent 
of the model for ion-ion interaction when fast diffusion 1s active. 

Figure 22 shows the expected fluorescence decays for various 

concentrations of quenching ions, again plotted on a semi-logarithmic 

scale, assuming fast diffusion. 

Vokota and Tanlmoto have worked out the expected fluorescence 
decay when both quenching and diffusion are active and diffusion Is 

57 not fast enough to maintain the Initial distribution of excitation. 
The differential equation that describes the Interaction of quenching. 

57 diffusion, and radiative decay is 

|N1 . . fii + o v V - 2 W ft, (t) ] N* (54) 

W[R.j(t)] is the Interaction rate between A and B Ions separated by R 
which 1s a function of time, since the distribution of excited Ions 
changes with time as those near quenching centers decay. Assuming ciipole-
dlpole interaction between A and B Ions, W f l B • CRjfL the decay 1s de­
scribed by 

•<t> - exp {- £ - f*3/2 ¥ V 2 t ^ ( ^ { ° ^ y ^ . 5 0 x 2 ^ | ( M ) 

where x = D C ' ^ V 3 , and D Is the diffusion constant for A to A 
transfer. N„ Is the concentration of quenching ions. 
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Figure 22 Fluorescence decays with fast jiffusion. Equation (53) is plotted for values of NqV. from 0 to 2/t. 
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The previous expression for quenching in the absence of diffusion 
follows from Eq. (55) with D = 0. The fast diffusion limit described 
earlier does not follow directly from this expression. The most 
interesting characteristic of Eq. (55) 1s Its behavior at long times, 
a regime that is most easily investigated experimentally. After all 
the excited A ions that are situated near quenching B ions have given 
up their excitation, the rate of quenching is limited by the diffusion 
of excitation to those A ions that are near B ions. This long time 
behavior is referred to as diffusion-limited relaxation, and is char-

co 

acterized by exponential decay at long times. In the limit as t goes 
to infinity, the fluorescence decay function becomes 

*(t) = exp j- i - i J { 5 6 ) 

; - = 0.51 (4TtN RC 1 / 40 3 / 4) (57) 
T D B 

The decay rate at long times is proportional to the concentration of 
quenching ions and to the diffusion coefficient to the 3/4 power. 
C in this equation is the coefficient of A to B transfer from W = C.„R . 
The diffusion coefficient is related to the rate of energy transfer 

43 from A ion to nearest neighbor A ion: 

0 = WRJj (58) 

For dipole-dipole interactions between the A ions, D is proportional 
to R' 4 and thus to the concentration of A ions to the 4/3 power: 
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The diffusion-limited decay as a function of the concentrations of 
both A and B ions is 

«t) - exp {- i - k 2N f lN 8t| (60) 

where k„ is a constant proportional to C.^ and C.„. 
In summary, the complete expression for diffusion and quenching 

through dipole-dipole interactions shows exp(-k,N„t ' ) dependence 
at short times after excitation and exponential decay at long times 
with a decay rate of 1/x + kjN.Ng. The transfer rate can be calculated 
at least approximately for a particular ion system, so the constants 
k, and k, or the constants C and D in the complete expression can be 
approximated from optical absorption and emission data through 
Eq. (49). 

The results of energy transfer theory will be applied to the 
Nd:glass system, first to analyze the fluorescence decay of Nd and 
then to consider the possibilities of improving Nd laser efficiency 

3+ by adding sensitizing ions such as Ce . The effect of multiphonon 
4 decay of the Nd F^., will be neglected in the following. Since 

this relaxation was found to be a small effect, it may be considered 
as a small addition to the radiative rate. 

C. Nd Fluorescence Decay Measurements 
The basic experimental technique for studying energy transfer 

in Nd:glass was recording the Nd fluorescence intensity as a function 
of time. This was accomplished by pumping the sample with a short 
(300-ns) laser pulse, and monitoring the fluorescence with a photomultiplier 
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and oscilloscope that were fast enough to follow the decay. 
The differences between exponential and nonexponential decay are very 
slight, so very small experimental errors are essential in order to 
be able to characterize such subtle effects as quenching and diffusion. 

The Nd fluorescence experiments were begun before the Tektronix 
signal-averaging system described earlier was available. Initially, 
the fluorescence decay curves were photographed from an oscilloscope 
face and hand plotted on a semi-logarithmic scale. The distortions 
on the oscilloscope face were larger than the effects of nonexponential 
decay, so an improved method was developed. Figure 23 shows the experi­
mental setup for fluorescence measurements using the transient digitizer 
to record the Nd fluroescence. The Cfiromatix YAG laser operating 
at 532 nm excited the Nd ions in the sample, and the fluorescence 
was monitored with a photomultiplier (56CVP S-l response). A Bio-
mation Model 802 transient recorder captured the signal in digital 
storage. After one shot, the signal was clocked out of the transient 
recorder to an X-Y-Y' recorder. The X channel on the recorder plotted 
time, the Y channel was the signal intensity, and the Y' channel was 
the logarithm of the intensity obtained from an electronic log con­
verter (Hewlett-Packard 7562A). 

The log converter was used for preliminary measurements, but base­
line drift made it Inaccurate for precise fluorescence studies. Loga­
rithmic plots were generated from the linear plots either by hand 
plotting or after the data had been stored in the computer. 

A more detailed schematic of the fluorescence decay apparatus 
is shown 1n F1g. 24. The system is triggered to receive a signal 
by a PIN diode into which a portion of the laser pulse is directed. 
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The signal from the photomultipller and the time marks are added 
in the 7A26 amplifier, and the sum provides the signal input to the 
Biontation transient recorder. An enable switch on the transient re­
corder resets its trigger to receive one shot. After triggering, the 
fluorescence signal is digitized into 1000 channels, corresponding 
to 0.5 or 2 ysec per channel, depending on the time base selected. 
The amplitude resolution of the transient recorder is 0.4%. After 
one shot is recorded, the stored signal is displayed on the RM 41 
oscilloscope for visual inspection. If the amplitude and timing 
are appropriate, the plot switch on the Biomation recorder is actuated 
manually and the signal is plotted out on the X-Y plotter. 

The time marks provided a check of the time linearity and cali­
bration, but amplttade linearity was more difficult to verify. The 
eventual solution was to record the fluorescence decay of a Nd doped 
sample which had a very pure exponential decay. After several dilute 
samples were evaluated,..Nd in glass was rejected as a standard for 
calibration since the inhomogeneous distribution of ion sites in glasses 
gave a nonexponentlal decay even at the lowest concentrations avail­
able. A sample of 0.1 weight percent Nd 1n YA10, showed a pure ex­
ponential decay with 182-usec lifetime over four 1-ffetimes, and so 
was chosen as the linearity check. 

The large plot of the fluorescence decay was either hand plotted 
on a semi-logarithmic scale or converted on a computer interfaced 
digitizing table to computer cards with time and relative intensity. 
The card decks were Input to the computer system and stored as a data 
file. 
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Several alternative experimental setups were tried, but none 

of the others gave adequate linearity in amplitude to allow accurate 
description of the decay over three or four lifetimes. Phase sensitive 
detection was not effective, because of variations In the laser output 
Intensity during the time required to scan a decay. The same problem 
plagued the boxcar averager, even when a second channel to normalize 
the laser intensity was included. Signal averaging with exisiting 
commercially available equipment was unsuccessful because the initial 
portion of the decay requires fast detection, and the signal averagers 
could not follow the signal. An arrangement with the Biomation 
signal averager capturing a signal and clocking the signal out slowly 
to a signal averager permitted averaging of as many decays as necessary. 
However, the signal to noise ratio was so high for a single shot 
with the transient recorder that additional averaging was unnecessary. 
The limitation was the amplitude resolution of the transient recorder. 
By taking one shot with the signal peak on scale and a second shot 

with the same timing but a more sensitive amplitude stale, a curve 
-4 could be pieced together over four or more lifetimes (down to e = 0.02 

or less). 
It was very Important to accurately record the initial portion 

of the decay where the exp( -kt 1' 2) behavior is expected. With the 
300-ns pulse and proper geometry and filtering, the apparatus used 
here gave a reliable signal within about Z usee after the pump 
pulse. Subsequent experiments with the new fast trans1er,t recorder 
described in the section on multlphonon decay have shown no detectable 
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errors In the fluorescence decay results. 
3+ The relaxation processes for Nd in glass are shown 1n Figure 25. 

At very low concentrations, less than one weight percent, practically 
4 

all the excited Ions fluoresce from the metastable f^/z * e v e* t 0 o n e 

4 4 
of the I levels. The I levels relax nonradiatlvely to the ground 
I 9 /» level by multiphonon emission. The ?yz multiphonon emission 

may be ignored, consistent with the earlier estimate of this rate. 
At higher concentrations, the energy transfer processes shown in 
Fig. 25 take place. Energy nigration between an excited Nd ion 
and a nearby ground state Nd results in no loss of excitation; but 
the quenching process, this time between two Nd ions, results in a 
Joss of excitation. This mechanism for concentration quenching was 
proposed by Peterson and Bridenbaugh for Nd in NaWO., and Snitzer 
proposed that it is responsible for similar quenching 1n Nd:glass.*2 

Since the coupling between the Nd ions is weak, the rates of transfer 
are small and transfer cannot compete with multiphonon decay for any 
levels except the metastable Fy?- T n e quenching process that is 
active in Nd glass is described by the H\ evious theory with the only 
change being the replacement of the quenching B ions with some con­
stant fraction of the A ions. 

Due to the inhomogeneous nature of the glass environment, the 
Nd fluorescence decay 1s nonexponentlal even in the limit of zero 
concentration. Maurer attempted to account for this behavior by 
assuming a distribution of radiative rates, weighted by the fraction 
of ions with these rates. Although this is possible in principle, 
it would require experimental accuracy much better than was achieved 
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in these experiments to uniquely determine the range of radiative 
rates and the weighting function that gives the fraction of ions 
with a particular rate. 

experiments using narrow-band excitation of fluorescence in 
glasses could determine the range of radiative rates and the weighting, 
since only ions in a particular environment are excited. Preliminary 
observation of radiative rate variation with excitation wavelength 
at low temperatures indicates 100% variation of the rate with site 
variations. In order to determine how many ions are In a particular 
site, both the radiative rate and the absorption coefficient of the 
exciting radiation must be recorded. The absorption coefficient is 
proportional to the number of ions and to the spontaneous transition 
rate. The primary difficulty in performing these experiments is the 
requirement for a tunable narrow-band laser operating at about 880 nm, 

4 the pump wavelength from the ground state to the F,.» level. 
The fluorescence curve of 0.1 weight percent Hd-O, in EO-2 

glass demonstrates the nonexponentia! nature of the decay. Figure 26 
shows the observed fluorescence signal and the semi-logarithmic 
plot showing the deviation from a pure exponential. The decay rate 
Is the slope of the semi-logarithmic plot. The dc-ay approaches an 

3 -1 asymptotic rate of 2.27 x 10 sec , but the Initial rate is approx-
imately 3 x 10 sec . Determination of the Initial rate is more 
ambiguous than finding the final rate, since the rate is changing 
rapidly early in the decay but reaches a constant value at long times 
(when the signal is <e of the initial value). Th1s inhomogeneous 
quality of rare-earth Ions in glasses has several consequences for 
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experiments on glasses; in the present case it makes quantitative 
experiments on energy transfer difficult. Similar behavior was found 
in every glass for which a very low concentration sample was available, 
although the initial and final rates varied from glass to glass. 
The Judd-Ofelt calculations of the radiative rate of Nd in glasses 
are based on absorption spectra which characterize the weighted dis­
tribution of ion sites, and the resulting rate represents that of an 
average ion. For example, the calculated rate for Nd in ED-2 glass 
is 2.7 x 10 sec , in between the Initial and long term rates observed. 
The question of what rate should be used in laser design calculations 
will be examined in detail in a later section. 

The decay curves for the concentration series 1, 2, 3, and 6 wt.% 
N-,233 in ED-2 laser glass are shown in Fig. 27. The overall rate of 
decay increases as the concentration of Nd ions increases, and the 
deviation from a pure exponential decay increases as well. Very 
similar families of curves were plotted for LSS-91H silicate glass 
and for LHG-5 phosphate glass. Both of these glasses are commercially 
available laser glasses, as is ED-2, but the exact compositions are 
proprietary information. It is clear f/om these fluorescence curves 
that the average rate of decay of the excited Nd ions increases to 
more than twice the low concentration value when the fid concentration 
increases to 6 weight percent. This Inaicates a quantum efficiency 
of only 50% at the high concentration, whereas it is near 100% at very 
low Nd concentration. 
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0. Diffusion-limited Decay 
The behavior of the fluorescence decays at long times is con­

sistent with diffusion-limited decay described by Eq. 56. Since the 
Nd ions are both the diffusing and quenching species in the present 
case, the diffusion-limited decay should be given by 

*(t) = exp | - i - k 2N 2t} = e-(7 + V1 (61) 
3 

where N is the Nd concentration in ions per cm . This assumes dipole-
dipole coupling between the ions. Diffusion-limited decay has not 

been solved for ̂ he dipole-quadrupole case, but the dependence on 
o 

concentration should be greater. Substituting R dependence for the 
5/2 di f fusion constant, the d i f fus ion- l imi ted rate would vary as N ' . 

This is not s t r i c t l y correct, since i t s t i l l assumes dipole-dipole 

coupling for the quenching t rans i t i on , but i t gives a minimum dependence 

on N for dipole-quadrupole coupling. Dipole-quadrupole coupling is 

forbidden for both the di f fusion and quenching transi t ions in Nd by 

the AJ < 2 selection rule for reduced matrix elements for dipole-

quadrupole t ransi t ions. Crystal f i e l d mixing of other J states 

w i l l break th is selection ru le , but th is w i l l be a small e f fect 

compared to the allowed dipole-dipole t ransi t ion rates. 

Taking the long term rate fo r the low concentration as the rad­

ia t ive rate 1 /T , the d i f fus ion- l imi ted rate was obtained from the 

f ina l decay rate for ED-2. These results are displayed on a log-log 

plot in Fig. 28, where d i f fus ion- l imi ted rate WD = w f i , - 1/T is 

plotted versus N. The slope of a curve on th is plot gives the 
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power of the dependence on N. A line with slope of 2 and one with 
slope of 5/2 are shown for comparison. The first low concentration 
point is very sensitive to the value chosen for the radiative rate, 
but the concentrations above 1 wt.% are well described by a rate 

o 
proportional to N . 

Concentrations are conveniently expressed in weight percent for 
3 the purpose of mixing the constituents of a glass, but ions per cm 

are more appropriate for energy transfer experiments. The relation 
3 

between ions per cm and wt.£ is 
_3 wt % Nd 20 3 x 100 x glass density(g/cm3) x 2 x 6.02 x 10 2 

N ( c m J molecular weight of N d 2 0 3 tg) 

Figure 29 shows the long term decay rates as functions of Nd 
concentration squared for several glass compositions. On this type 
of plot, a straight line indicates dependence on N and the slope 
of the line is k 2 in Eq. (61). Only one glass was found to deviate 
markedly from N dependence of the long term rate. The phosphate 
glass series P-107 showed a more nearly linear dependence on concen­
tration. This result is uncertain because the glass composition from 
one sample to the next in the series was not uniform. Phosphate 
glasses melted in small experimental quantities, as in the P-107 

series, have shown variable composition in several cases. Since the 
2 commercially developed phosphate glasses showed the same N dependence 

as the silicate glasses, it is unlikely that the P-107 series indicates 
a fundamental difference; this is most likely a spurious result. 

Kraevskii et al. report a linear dependence for energy transfer in 
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phosphate glasses, but the citations given are incorrect so the 
62 

original results could not be located. The relative Nd concen­
trations within each glass series were checked by optical absorption 
measurements. Due to the changes in absorption strength with glass 
composition, one series could not be checked against another. 

The results of all the long term decay rate experiments support 
the conclusion that Nd Ions are themselves the quenching centers for 
Nd excitation, and that the energy migrates through the Nd system by 
dipole-dipole interactions until a quenching Nd is encountered. It 
is not clear from these results whether a Nd ion in a particular 
crystal field environment is always a quenching center or that any 
Nd ion can exchange energy by both quenching and diffusion with different 
probabilities. It is clear that the quenching centers are not Nd 
pairs, because the number of quenching centers would be proportional 

2 3 
to N in that case, resulting in a long term rate varying with N . 
(N B * N N d and D ' " N N d so W D » Njjd for quenching by pairs.) 

Other possible explanations of the observed quenching behavior 
include quenching to impurities introduced with the addition of 
Nd,0, to the glass. While this would lead to the number of quenching 
centers proportional to Nd concentration, the careful chemical analysis 
of commercial laser glasses carried out at this laboratory and else­
where show no evidence of impurities. Rare earths are difficult 
to isolate from other rare earths, but the development of efficient 
rare-earth lasers has depended on high purity chemical components. 

The y-intercepts of the curves In F1g. 29 give the long term 
radiative rates in the glasses, and the slopes of the lines give 
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Figure 29 Long term Nd fluorescence decay rate as a function of 
concentration squared for ED-2 and LSG-91H silicate 
glasses and LH6-5 phosphate glass. 
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the constant kg. From Eqs. (57) and (59), kg 1s proportional to 
< T and to # « : 

C„ B Is the coefficient of energy transfer for the quenching interaction, 
and Cyy. 1s the coefficient for the diffusion Interaction. From 
Eq. 49 they reflect the strength of the transition and the overlap 
integral for absorption and emission: 

f B(E) f.(E) H.Q R/ B a dE (63) >J "AB T B / E4 
f.(E) f.(E) 

C M ° W A Q A / £4 d E < 6 4> 

where W. = 1/x.. Since kg is a stronger function of C ^ , it is likely 
that the resonant overlap integral would have the major effect on 
determining the slopes in Fig. 29. Only LHG-5 has a significantly 
different slope. This may result from a lower value of C» B that is a 
consequence of energy mismatch (low value of the overlap integral) 
for the quenching transition. Although narrow ltne widths increase 
the resonant overlap Integral, they would have the opposite effect 
on slightly offset lines, where the high energy tall of one line overlaps 
the low energy tail of the other. 

The line widths of Nd 1n glass are a combination of the Stark 
splittings of the electronic levels and the inhomogeneous displacements 
of thp 'Jtark components for ions in different crystal field environments. 
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The overlap integral for a given pair of Ions in different environments 
is not the Integral of the absorption and emission line shapes ob­
served in the bulk sample; it 1s the overlap of the narrow Stark 
levels of one ion with those of the other. The homogeneous line-
widths of the Stark levels may change from site to site, and the 
Stark splitting certainly changes. The expression for the transfer 
rate in Eq.(49) overestimates the probability for transfer in an 
inhomogeneous material if the observed absorption and emission spectra 
are used in the overlap integral, whether for the resonant process 
(diffusion) or for the quenching transition. Measurements of the 
diffusion-limited rates do not allow separation of quenching and 
diffusion terms, since the product C?i c\L enters along with a 
fraction giving the number of Nd ions that are effective as quenching 
centers. 

E. Complete Decay Function 
The full fluorescence decay of Nd in glass should follow the 

expression for quenching and diffusion developed by Yokota and 
Tanimoto for the case of dipole-dlpole coupling, since the diffusion-
limited results are consistent with this coupling mechanism. Equation 55 
modified for the case of Nd ions as both quenchers and fluorescing 
ions becomes 

»(t) . e x p j .1 . J - J ! NCV2 tV2 ( } * 1 ?- f5 .74^- 5 ° , ' 2 ) 3 / 4 | («> 

X > D C ^ V 3 
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N 1s the number of Nd Ions per cm , C is the coefficient for the 
quenching process from W. B*C R , and D 1s the diffusion coefficient 

4/3 which should be proportional to N ' 
E. J. Goodwin and J. B. Trenholme created a computer program 

to fit the experimentally observed fluorescence decays to the func­
tion in Eq. (65), hereafter referred to as the Y-T expression. 
The computer program was designed to run on the CDC 7600 computer 
system at the Lawrence Livermore Laboratory, and was named NURD. 
The procedure for fitting the Y-T expression was first to compute 
the value of the function at the times for which data points were 
input, using initial guesses for the parameters C, D, and T. The 
square of the deviation of the function from each data point was then 
summed, with appropriate weights for each point; this sum was called 
2 2 
X . A subroutine then minimized x by a method known as a creeping 
simplex technique.63 Simply stated, the creeping simplex routine 
searches for the minimum of a function by varying the parameters of 
the function according to set rules. The functional form of the 
Y-T expression, the parameters, and the limits within which the para­
meters could vary were inputs for NURD. 

The fitting routine could provide excellent fits of the Y-T 
expression to the data points for a particular concentration of N ; 
this was not a verification of the theory, but an Indication that two 
or three parameters were adequate to fit such smooth curves. The 
test of the theory was the equivalence of the values C, 0, and T 
from one concentration to the next. In this regard the program was 
only partially successful. 
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A typical fit of the Y-T expression to the fluorescence curve of 
ED-2 with 3 wt.'« Nd 20 3 is shown in Fig. 30. A linear and a semi-
logarithmic plot are provided by NURD, as well as contour plots showing 
the minimum of x as a function of each pair of parameters. In the 
case shown, the radiative rate 1/T was constrained to be between 
2.32 and 2.33 x 10 3 sec , while C and D and the intensity at t = 0 
were allowed to vary. The fit is very good, but that is to be expected 
for a three parameter fit to a smooth curve, even 1f the functional 
form were not exactly correct. Similar fits for a wide range of choices 
of constraints and relative weights failed to give systematic agree­
ment for the values of C and D. C should be constant for all con­
centrations of Nd, and D should be proportional to N ' 1f the Y-T 
expression correctly describes the decay. 

The best results for the Y-T expression obtained for the ED-2 
concentration series are shown in Table II. C varies from 1 to 2 x 
10" 4 0 sec"1 cm 6 and D/N* / 3 varies from 0.6 to 1.7 x 1 0 ' 3 9 sec"1 cm 6. 
Similar values and variations were found for the LSG-91H concentration 
series. In spite of the variation by a factor of two or three in the 
parameters, the results of the computer fitting Indicate the strengths 
of the diffusion and quenching interactions. Using these values, 
the rates for quenching and diffusion between an excited Nd Ion and 
a neighboring ground state Ion separated by the average Interion 
distance In 3% ED-2 glass (1.5 ran) are 

u . £ =, 1.5 x IP" 4 0 sec'1 cm6 „ -1 , f i f i» 
"*>™» R J ; 0 . 5 , 1 0 - W " " , 3 s e c ( 6 6 ) 

U • 2 . 1 * W 3 9 W 1 on6

 aa .i 
W ° , F F < O . S x l O - ' c ^ * 8 8 " 6 » ) 
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Figure 30 Plots generated by the computer program NURD. Top left 
1s a linear plot of the fluorescence decay data and the 
fit to the Y-T expression. Top right 1s the semi-log ?lot of the same data and fit (note that this Is base-10 09 rather than natural log used previously). Bottom 
left is a typical parameter cross plot showing contours 
of x' *s function of two parameters. Bottom right shows 
the deviation of the data points from the computed Y-T 
curve. 
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Sample N. <L D D/jr 

(10 2 0 cm"3) <10" 4 0 sec"1 cm5) (10" 1 2 c 2 sec" 1) (10" 3 9 sec 

ED-2.1 0.93 2.02 0.375 0.87 

ED-2.2 1.82 1.44 1.07 1.04 

ED-2.3 2.82 1.02 2.81 0.58 

ED-2.6 5.47 1.52 7.37 1.65 

Table II: Best-fit parameters C and D for the Y-T expression, Eq. (65), 
for ED-2 glasses. The radiative lifetime was constrained to be between 
420 and 440 usee. C and D/N ' should be constants for perfect agree­
ment with the Y-T expression. 
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These rates are small compared to the radiative rate of about 2.7 x 
10 sec"', but they represent the rates for ions at the average separ­
ation. Since the rates are such strong functions of R the rates will 
be much larger for ions that are closer together. On the average 
the diffusion transition is almost ten times more probable than 
quenching, but this will change from pair to pair as the crystal field 
environments change. 

The assumption that the lowest concentration (0.1%) in ED-2 
should be free of diffusion or quenching is justified by the values 
of C and D above. The average diffusion transition rate is only 
.007 sec" at 0.1 wt.5! Nd. However, the fluorescence decay curve for 
this low concentration is nonexponential, resulting from site to site 
variations in the radiative rates. This is the probable cause for the 
inadequacy of the Y-T expression to fit the series of decay curves 
with the same C and D parameters. The Y-T expression includes a 
radiative rate (1/T) which was taken to be the long term rate in the 
fitting procedure. This rate is not correct at early times, and the 
error is large. In order for the Y-T expression to take this time 
varying rate into account, a distribution function for the radiative 
rate would be necessary and a much more complicated expression would 
result. 

In Appendix A, the average diffusion rate is calculated from 
Eq. (49) for comparison with the result of the fitting program. 
Spectral data for the low lying Nd I levels are not available, so the 
calculation of the rate for the quenching transition was not performed. 
The rate for the diffusion transition is found to be 3.8 x 10" 3 9/ R 6 
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-l -g sec ' cm using the room temperature absorption and emission spectra 
for ED-2 glass. This is about four times the value obtained from 
fitting the Y-T expression, but as explained above the inhomogeneous 
nature of the glass spectra 1s expected to lead to an overestimate 
for the rate calculated from Eq. (49). This result indicates that the 
overlap integral of an average pair of ions is reduced by a factor 
of 4 from the overlap of the observed emission and absorption spectra 
due to the shifts of the energy levels in different crystal field 
environments. The oscillator strengths also change from site to site, 
so the observed diffusion rate is a weighted average of these two effects. 

F. Application to Nd:glass Amplifier 
The quantum efficiency after short pulse excitation of a particu­

lar Nd concentration may be calculated by integrating the Y-T expression 
with the correct C and D parameters. The rate of emission of photons 
from the excited Nd ions is equal to the radiative rate times the in­
stantaneous number of excited ions, and the total number of photons 
emitted is the time integral of this rate. 

n = f \ »(t) dt (68) 
o 

For a purely radiative decay, *(t) = e~ , this integral is equal 
to one, so the fraction of ions that radiatively decay is given by 
Eq. (68) with the appropriate decay function (the Y-T expression in 
this case). 

For a nonexfonential decay, the quantum efficiency for short 
pulse exlctatlon is not equal to the quantum efficiency for contlnu-

CO 
ous or long pulse excitation. The actual pumping conditions for a 
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Nd:glass laser usually produce an excitation pulse of approximately 
the same duration as the fluorescence lifetime of the Nd. The quantum 
efficiency given by Eq. (68) above does not apply under these 
conditions. In order to numerically evaluate the effect of nonexpon-
ential decay on realistic laser amplifiers, a function that was simpler 
than the Y-T expression was used to approximate the nonexponential 
decays. This simplified decay function has terms for radiative decay, 
quenching, and long term diffusion-limited behavior, with the appro­
priate concentration dependence: 

*(t) = exp | - | - QNt 1 / 2 - D V t I (69) 

When this "Q-D" expression was substituted into NURD, the fits to the 
data far the ED-2 and LSG-91H series were about as good as the Y-T 
fits, and the function was much easier to handle in the pump effi­
ciency calculations. For the purposes of these calculations any good 
approximation to the decay functions was adequate, whether or not it 
reflected the physics of the energy transfer explicitly. 

NURD was modified to fit all the decay curves simultaneously with 
the same Q and D' parameters. Figure 31 shows the family of curves 
for the ED-2 concentration series, with the fits described by Eq. (69). 
The values of Q and D' are shown in Table III for ED-2 and LSG-91H 
laser glasses. These parameters do not provide a good fit over the 
entire fluorescence decay for all concentrations, but for the early 
part of the decay, which most strongly affects laser performance, 
the Q-D expression 1s a good approximation. 
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Figure 31 Simultaneous fits of 1-, 2-, 3-, and 6- wt.2! Nd 20 3 decay 
curves to the Q-D1 expression. 
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Glors 
(1(T 2 3 cm 3 sec" 1 / 2) (10" 4 5 cm 6 sec"1 

ED-2 461 usee 6.75 9.33 

LSG-91H SOO 8.45 7.06 

Table III: Best fit parameters for the Q-D' expression, Eq. (69), 
for simultaneous fitting of four Nd concentrations in ED-2 and 
LSG-91H glasses. 
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The figure of merit for a laser amplifier in the present context 
is the peak gain achieved during flashlamp excitation with a given 
flashlamp pumping circuit. Gain here refers to gain coefficient 
expressed in cm" , so the energy gain of a laser amplifier of length 
L is exp(g L) where g is the gain coefficient. The peak gain is pro­
portional to the number of excited ions; for the present purposes only 
relative gains are of interest so the constant of proportionality 
will be ignored. A small computer program for a Hewlett Packard 
9830 computer was developed to solve the differential equation for the 
flashlamp pumping circuit of a typical laser amplifier and then to 
perform the convolution of the pump pulse with the decay function 
of the Nd in glass. The light output from a flashlamp changes its 
spectral content and hence its effectiveness in pumping Nd:glass 
as a function of the current density through the lamp. A phenomenolo-
gical correction to the flashlamp current density has been deter­
mined that gives the effective pumping power for the particular ampli­
fier considered here. This correction was applied to the solutions 
of the flashlamp driving circuit in the computer program. Appendix B 
gives the flashlamp circuit parameters, the pumping efficiency correction, 
and a description of the "B" size disk laser amplifier for which 
these calculations were performed. 

Figure 32 shows the flashlamp current pulse, the effective pump 
pulse, and two gain curves, all as a function of time. The higher 
gain curve was calculated for a pure exponential decay with a lifetime 
of 290 usee. The lower curve 1s the gain with the Q-D' nonexponential 
decay function for £0-2 with 3 nt.% Nd ?0 3. Subsequent calculations 
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Time (ms) 

Figure 32 Gain as a function of time for a "B" disk amplifier with 
3-wt.X Nd 20 3 1n ED-2 glass disks. The flashlamp current 
and effective pump power are shown along with the gain 
curves for a 290 usee pure exponential decay and for the 
q-0' decay of ED-2.3. The gain curves result from convolu­
tion of the effective pump pulse with the fluorescence 
decay function. 
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have shown that an effective lifetime for EO-2 with 3 wt.% doping 
is 234 usee; that is, the same peak gain results from a pure expon­
ential decay with this effective lifetime as when the actual nonex-
ponentlat decay is used in the calculation:. This effective lifetime 
is considerably shorter than the commonly accepted values for ED-2.3, 
leading to lower gains than would be calculated using the usual value 
of 290 usee. In the case shown in Fig. 32 the peak gain K K ~13X 
lower than that calculated with a pure exponential decay with 290 usee 
lifetime. 

The effective lifetime quoted above wiil be a weak function of 
the flashlamp pump parameters, since the convolution of the actual 
decay and the pump pulse will vary as the pump pulse becomes shorter 
or longer. This effect is small over the range of pumping parameters 
used in the "B" disk amplifier, but for significantly shorter pump 
pulses, the full calculation should be performed to specify the effec­
tive lifetime which could then be used over a small range of pumping 
parameters. The significance of the effective lifetime ir that it 
allows a much simpler calculation of the gain from the pump pulse 
characteristics. An actual convolution of the decay function and the 
pump pulse Is not necessary for a pure exponential decay. The decay 
can be included in the differential equation for the flashlamp pumping 
circuit and solved simultaneously. The nonexponential decay cannot be 
described by terms in the differential equation for the flashlamp 
circuit, and must be included in a convolution integral that 1s tione 
separately. 

Application of the energy transfer results to the case of a 
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disk laser amplifier have shown that concentration quenching does in 
fact reduce the laser's efficiency and that the nonexponential character 
of the decay complicates the quantitative determination of the effi­
ciency. A single value for quantum efficiency has previously been 
applied to laser design calculations, but these results show that no 
single parameter will serve to specify efficiency under all pump 
pulse conditions. The effective Nd lifetime (234 psec) for the parti­
cular pump pulse investigated here was slightly less than the 1/e 
time (-245 usee) and considerably less than the generally accepted 
"average" lifetime (290 psec) for ED-2 laser.glass with 3 wt.* 
Nd 20 3. 

S. Ce - Nd Energy Transfer 
The transfer of energy from an A ion to a B ion is not always 

detrimental as 'it Is in the case of fluorescence quenching. Sensi­
tization is often used to Increase the efficiency of a laser material. 
Sensitized Nd:glass has been investigated previously but has not 
proved to be of sufficient value to be manufactured commercially. ' 
With increased emphasis on improvements in Nd:glass for laser-fusion 
applications, and with the Increased understanding of energy transfer 
in rare-earth ions in glass, it is worth reconsidering the possibility 
of including a second ion to absorb pump energy and transfer it to 
the Nd. 

A good candidate for sensitizing Nd is already Included in 
3+ ED-2 laser glass, but not for that purpose. Ce is doped into ED-2 

19 3 glass at a concentration of 4.4 x 10 cm in order to inhibit glass 
damage due to ultraviolet light absorption. The absorption of Ce 
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in ED-2 is so strong that wavelengths below about 350 nm are absorbed 
in a thin layer (~1 mm) of glass at the entrance surface. For effi­
cient sensitization, the glass should be optically thin to the radia­
tion that excites the Ce. in order for the excitation to be spread 
through the bulk of the laser rod cr disk. An experimental glass series 
with lower Ce concentration was produced by Owens-Illinois in order 
to investigate the problems of ultraviolet damage with less Ce. These 
samples were obtained for the present Ce - Nd energy transfer experi­
ments . 

Trivalent cerium has only two levels in the 4f electronic con­
figuration, the ground state and a level about 2000 cm above it. 
The 5d levels in glass are at about 28000 cm , and they absorb strongly 
since the 4f to 5d transition is electric dipole allowed. The emission 
band for the 5d to 4f transition is Stokes shifted, as shown in Fig. 33. 
This emission band overlaps the Nd absorption into the D 3 , 2 level, 
providing the possibility of energy transfer from the excited Ce to 
the Nd. No back transfer would be expected since the Nd ion would 
decay rapidly by multiphonon emission to lower, nonresonant levels. 

Previous measurements of Ce to Nd transfer have used the quantum 
efficiency approach, where the number of photons emitted by Nd ions 
is compared to the number of pump photons absorbed by the Ce ions. 
As discussed earlier, fiis technique is subject to greater uncertainty 
than measurements of the change in decay rate of the Ce ion. Although 
radiative transfer is possible 1n the present case, the concentration 
of Nd was low enough tha\. the samples were all optically thin to the 
Ce emission, so radiative transfer was negligible. Radiation trapping 
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Figure 33 Normalized room temperature Ce emission and absorption spectra 
and Nd D3/.2 absorption curve. The Ce emission and Nd 
absorption overlap, giving rise to energy transfer from 
Ce to Nd. 



127 

can distort the observed lifetlma in some fluorescing systems, but 
experimental checks revested no trapping and re-emission of Ce fluor­
escence by Ce Ions. 

3+ Ce was excited to the Sd band by the 355-nm pulses from the 
third harmonic of the 1-ns laser. The emission was sufficiently intense 
to give a signal on a vacuum photodiode (ITT F-40C0) which was processed 
in the Tektronix transient digitizing system described earlier. A 
Corning 3-75 filter eliminated the scattered pump radiation. The 
samples contained varying amounts of Nd, and the two series had different 
Ce concentrations. A family of decay curves for the lower Ce concen­
tration are shown iii Fig. 34. The decays for both Ce concentration were 
observed to be purely exponential for all Nd concentrations, within 
the accuracy of these experiments. Figure 35 shows the log plot 

on 

of the decay from the low concentration Ce sample with 4 x 10 Nd 
ions per cm 3. The slope of the log plot is also shown, indicating 
no deviation from a purely exponential decay over at least three e-
foldlng times. Scattered light limited the observations at early 
times so that the first 3 ns were not resolved. 

The decay rates for both Ce concentrations are displayed as func­
tions of the Nd concentrations 1n F1g. 36. Within the experimental 
errors, the data all lie on a straight line, Independent of the Ce 
concentration. This linear dependence of the rate on the Nd concentration 
has been observed previously at this laboratory by R. R. Jacobs, who 
used a nitrogen laser to excite these same samples. The 20-ns pulses 
from the nitrogen laser limited the observation of fluorescence to late 
times in the decay. 
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Flgure 34 Ce fluorescence decays 1n presence of varying annunts of 
Nd. The 6-S 115 glass series has 1.53 x 1 0 1 8 Ce ions 
per cm . 
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50 ns 
Time-

Figure 35 Natural log of Ce fluorescence decay and the variation 
„18 Ce of the rate with time. The sample has 1.53 x 10 

20 T 
ions and 4.22 x 10 Nd ions per cm . The constant value 
of the slope indicates a purely exponential decay; that is, 
a constant decay rate. 
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Figure 36 Ce decay rate as a function of Nd concentration for both 
values of Ce concentration. 
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The decay rate of Ce increases to twice the radiative rate at 
the highest Nd concentration in these experiments. This indicates 
that half of the pump photons absorbed by the Ce are effective in pumping Nd. 
At the Nd concentrations normally found in laser glasses, the effect 
is smaller, but may be significant in improving pump efficiency. 
At 3 vt.% N d 2 0 3 (2.85 x 1 0 2 0 cm" 3) the Ce decay rate is 2.6 x 10 7 

sec" as compared to the radiative rate of 1.9 x 10 sec" . The 
fraction of Ce that decays by transfer to Nd at 3 wt.% is given by 
1 " Wrad' Wtot = °-27> a n amount that could produce a significant in­
crease in Nd excitation. Much of the energy output of a flashlamp 
is in short wavelengths, depending on the current through the lamp. 
With the transfer efficiency for a given Nd concentration, the spectral 
profile of the flashlamp output, and the absorption spectrum of Ce 
in a sensitized laser glass, the additional pumping due to Ce ab­
sorption can be evaluated. Problems of glass damage and color center 
formation when the Ce concentration is reduced must be solved before 
Ce will be useful as a sensitizer. 

The Ce decay curves are identical to those shown in Fig. 22 for 
fast diffusion decays; they are pure exponentials and the rate is 
proportional to the concentration of quenching ions (Nd). For a 
quenching transition that is dependent on the distance between A and 
B ions, a nonexponential decay should result unless the diffusion of 
the excitation is fast compared to the quenching rate. Otherwise, 
there will be a distribution of rates caused by the variations in the 
distance between pairs of ions. A model that gives exponential decay 
without diffusion, the Stern-Volmer model, assumes a transfer rate 
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that is independent of the distance between ions; no such transition 
mechanism is known. 

The average diffusion rate for Ce to Ce transfer is calculated 
in Appendix A from Eq. (49). The rate is found to be ~400 sec , much 
too slow to explain the observed fast diffusion behavior of the Ce 
system. Although this contradiction is not understood at present, 
further investigation of the Ce - Nd system is planned. Short wave-

4+ length excitation is known to produce Ce in glass doped with 
Ce , 6 7 and it is possible that the 355-nm pulses produced Ce , 
introducing either a permanent or transient change in the Ce - Nd 
system. 
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Chapter IV: Conclusion 
The theory of multiphonon relaxation developed originally for 

rare-earth ions in crystals has been applied to glasses. The expected 
exponential dependence of the multiphonon rates on energy gaps has 
been verified for five oxide glass compositions, independent of the 
particular rare earth or electronic state involved. The phonons active 
in relaxing excited rare-earth ions across large energy gaps are the 
high energy molecular vibrations cf the network forming ions. Raman 
spectra combined with the temperature dependence of the multiphonon 
rates verified this identification of the active phonons. 

The relative multiphonon rates in these glasses are determined by 
the highest energies in the phonon spectra, with the rates in borate 

3 glasses being 10 times the rates in tellurite glasses for the same 
energy gaps. All the rates measured here were much faster than those 
for comparable gaps in crystals. The coupling of the rave earth 
to the phonons is relatively constant in the oxide glasses, but 
halide or chalcogenide glasses may have different coupling strengths. 
The knowledge of phonon energies in non-oxide glasses is not suffi­
cient to predict nonradiative rates until experiments similar to these 
have measured a few rates to determine the coupling strength. Since 
the coupling of the lattice to the electronic states enters the expression 
for the energy gap law as the argument of a logarithm, the coupling 
must change radically 1n order for the rates to change significantly 
for glasses with the same phonon energies. 

The molecular nature of the high energy vibrations in glasses 
leads to the consideration of multiphonon decay to a single highly 
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excited mode. The temperature dependence of nonradiative rates In the 
glasses studied here do not indicate relaxation to a single vibration, 
but the predicted behavior may be observable in hydrated glasses or 
simple rare-earth molecules. Vibrational deactivation of rare earths 
in D,0 with small amounts of H,0 has been shown to involve only one 
0-H oscillator, but the temperature dependence has not yet been 
investigated. 

Another aspect of multiphonon decay that should be explored is 
the variation in coupling between different ions in the same glass. 
The inhomogeneous nature of the glass environment that leads to nonex-
ponential radiative decay should result in nonexponential multiphonon 
decay as well. The experiments described here did not address this 
question. 

The application of multiphonon theory to a specific rare earth 
in glass is given 1n Appendix C, where the influence of nonradiative 
rates on the performance of a Nd:glass laser is assessed. The verifi­
cation of the theory for glasses assures that a few rate measurements 
in new glasses can be extrapolated to give the nonradiative rates 
of interest for new laser materials. 

Energy transfer in Nd:glass accounts for the observed nonex­
ponential fluorescence decay of excited Nd ions. Quenching of the 
excitation of one Nd to a nearby unexcited Nd leads to a decrease in 
lifetime with increasing Nd concentration. Diffusion among the Nd ions 
redistributes the excitation after quenching takes place, leading to 
a nonexponential decay of the excited population. At long times the 
decay is diffusion-limited, with a rate that varies with N . The 
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coupling between Nd ions is due to dipole-dipole interaction, and the 
57 decay was found to follow the expression derived by Yokota and Tanimoto 

except for deviations caused by the variation of the radiative rate in 
glass. 

A more direct study of diffusion in the Nd-.glass system is possible 
using the techniques of fluorescence line narrowing experiments. Se­
lected types of sites can be separately observed in these experiments 
rather than the weighted sum of the entire distribution that was studied 
here. It is not understood whether some Nd ions are always quenching 
centers for Ndexcitation or whether the same ions can take part in both 
diffusion and quenching, with different probabilities. It may be 
possible to address this question with fluorescence line narrowing 
techniques. 

With the decay function and its dependence on concentration, it is 
now possible to predict the fluorescent behavior of new laser glasses 
at various Nd concentrations given a measurement at one (high) con­
centration and a radiative rate, either from a calculation or from a 
low concentration measurement. This will be useful In optimizing 
the concentration to be used for laser amplifiers consistent with 
other constraints, such as the available flashlamp pump pulse. The 
application of the fluorescence decay function to determining the peak 
gain of a typical amplifier shows that the nonexponential character of 
the decays has an impact on laser design calculations. For a limited 
range of pumping pulse characteristics, an effective exponential lifetime 
may be chosen to simplify the calculations. A single number to specify 
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quantum efficiency will not suffice for all conditions however. 
Energy transfer from Ce to Nd in laser glass was observed, and 

the dependence on Nd concentration was established. This information 
will be useful for calculations to assess the advantages of sensitizing 
Nd with Ce. The purely exponential decay of Ce in the presence of 
quenching by Nd is not understood, but the general understanding of 
energy transfer 1n glass will help 1n Interpreting experiments de­
signed to resolve this question. 
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Appendix A: Dipole-Dipole Transition Rates 

Dexter's formula for the transition probability from an excited ion 

A to ion B at a distance R is 

„ _3hVl QB C f WW Ar 

where T. is the radiative lifetime of A and Q„ is the integrated absorbance 
of B. C k is the local field correction, taken to be ' here. The overlap 
Integral involves the normalized lineshape functions: 

/ f(E) dE = 1. 

It 1s convenient to express energy in terms of wave numbers (cm" ) for these 
calculations, E = hcv. The Integrated absorbance was calculated from the 
absorption spectra converted to wave numbers: 

Q B =y*ci(E) dE 

^ l / a t E ) dE 

= ^ / a ( v ) d v 

2 The cross section for the transition Is o(cm ), and the measured absorption 
-1 3 

coefficient Is ct(cm ). N 1s the number of Ions per cm . When Eq. (49) is 
expressed In terms of wave numbers, the rate is 

W, 
D D 2(2*)Vhc R 5 TA 

, Q B f f B(v)f A(v) dv 
/ 
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where the index of refraction of ED-2 was used (n = 1.556). The absorption 

curve for the appropriate t ransi t ion was obtained from a spectrophotometer 

plot which gave the optical density as a function of wavelength for a sample 

of Nd in glass or Ce in glass. The optical density plots were d ig i t ized on 

a Hewlett-Packard 9830 computer and converted to absorption coeff ic ient 

versus wave number and stored in an array for further manipulation. From 

the absorption array, Q was determined from the equation above. The absorp­

t ion array was then integrated in order to normalize to f ( v ) . Emission 

spectra for Ce and Nd were s imi lar ly stored in a computer array as a function 

of wave number, integrated, and normalized. The Ce emission spectrum was 

taken from Rapp's data, and the Nd emission spectrum was taken in th is 

laboratory. A l l emission and absorption spectra were at room temperature. 

For the calculation of the Nd-Nd dif fusion rate, the absorption and 

emission spectra for Nd around 880 nm were used. These normalized spectra 
-34 2 are shown in Fig. 37. The value of Q was found to be 4.38 x 10 cm erg. 

For the radiat ive l i f e t ime, the reciprocal of the radiat ive rate for the 

4 p 3 / 2 t 0 4 l 9 / Z w a s d e r i v e d f r o m Krupke's value 4 1 for the branching ra t io 

and the long term radiative rate found previously. 

' \ F3/2 ' h/Z I W I T , 
«F 3 / 2T0TALj 

B V 3/2 m ) L 

T~ = W (4,:3/2 " \(Z ) = 0 A x 2 - 3 Z X 1 ( ) 3 s e c _ 1 * 9 2 8 S e c _ 1 
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Figure 37 Room temperature absorption and emission spectra for Nd 
F,.j to I Q /p transition, normalized to unit area. 
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-20 5 The overlap integral was found to be 7.17 x 10 cm (the units are the 

reciprocal of wave numbers to the f i f t h power). The result ing dipole-dipole 

transit ion rate for the di f fusion t ransi t ion in Nd was 

- }Q 
WD() ' " J f '•e r- < R l n a "> 

IS 

The calculation for Cv was performed in the same way. Normalised Ce 

emission and absorption spectra are shown in Fig. 33. The radiative rate 

for Ce was taken to be the obse-ved rate in Ce in glass with no Nd, 

1/t = 2 x 10 7 sec , that i s , the Y intercept of Fig. 36. The value of Q 
-30 2 was found to be 1.815 x 10 cm erg, and the overlap integral was 

-23 5 3.32 x 10 cm . Thus, the transi t ion strength was greater than Nd, but 

the overlap was decreased. The result ing di f fusion t ransi t ion rate in 

Ce was 

W 0D „6 s e c 

For comparison with the transfer rates, the average separation of Ce ions 

can be substituted for R. 

R = ( M ) " 1 / 3 = (1.53 x 1 0 1 8 c m " 3 ) " 1 / 3 = 8.7 x 10" 7 cm 

Then the diffusion transition rate between an average pair of Ce ions in 
ED-2 glass is W D D * 3.7 x 10 Z sec" 1. 
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Appendix B: Calculation of Effective Pumping in a Disk Amplifier 
The amplifier chosen for this application is the "B" size disk ampli­

fier designed at the Lawrence Livermore Laboratory for use in large target 
irradiation lasers. The active medium in the amplifier consists of six 
elliptical laser disks, each 2.35 cm thick, with 10 x 18.4-cm minor and 
major axes. The disks are pumped by 24 linear flashlamps each with a 1-on 
bore and 112-cm arc length. The flashlamps are connected in pairs to 12 
capacitor banks with 72.5 yF capacitance and 1050 pH inductance in a single 
mesh circuit. In a single mesh circuit, the inductor is in series with the 
lamp, and both are connected across the capacitor. 

The differential equation for the flashlamp circuit is 

| U IR ± « | I | 1 / 2 + / I dx' = 1 

where normalized units are used. For inductance L, capacitance C, current i , 

and i n i t i a l voltage V, the following substitutions have been made: 

AX 

The constant a is related to the length Z and diameter d of the flashlamp: 
a „ 0-3 Ui 
" ' ( V Z ) 1 / 2 
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R is the resistive loss of the circuit, and was taken to be 0.35 a. The 
differential equation was solved by a Runge-Kutta technique with the circuit 
parameters given above. To convert current density in the lamp to effective 
pump power, the following correction was applied to the current pulse: 

10(1 - e- J' 3 5°) 
Effective " ,0.8 

2 where J is the current density in A/cm and P is the effective pump power. 
Figure 32 shows the flashlamp current pulse, the effective pump pulse, 

and the gain for the circuit described here. The gain was computed as the 
convolution of the effective pump pulse and the de-ay function (the Q-D' 
expression). Because of the nonexponential nature of the decay function, 
the decay could not be included in the program loop that solved the flash-
lamp equation and computed effective pump power. A pure exponential decay 
could be included as a multiplicative constant in a sum to integrate the 
effective pump power. At each point of time, the effective pump power could 
be added to the sum over the previous pump powers multiplied by exp(-At/x). 
For the nonexponential decay the entire sum of previous pump powers must be 
recalculated at eoch new time. 
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NONRADIATIVE RELAXATION OF RARE-EARTH IONS 
IN SILICATE LASER GLASS* 

C. B. Layne, W. H. Lowdermilk, and M. J. Weber 

Lawrence Livermore Laboratory 
University of California 

Livermore, California 94550 

• ABSTRACT • 

Rates for nonradiative decay by multiphoton "mission are measured 
for rare-earth ions in s i l i ca te laser glass and used to estimate 
quantum ef f ic iencies. 

* This work was performed under the auspices of the U.S, Energy Research 
and Development Administration. 
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NONRADIATIVE RELAXATION OF RARE-EARTH IONS 
IN SILICATE LASER GLASS 

C. B. Layne, W. H. Lowdermilk, and H. J. Weber 
Lawrence Livermore Laboratory 

University of California 
Livermore, Cali fornia 94550 

Three important properties of lasers doped with rare-earth ions 

are determined by the nonradiative decay rates of the excited states of 

these ions. F i r s t , the pump conversion eff iciency [1] is large when 

the nonradiative decay rate from the pump band to the upper laser level 

is much greater than the rate for radiative decay from the pump band. 

Second, for a high radiative quantum ef f ic iency, the nonradiative decay 

rate from the upper laser levei should be small compared to the radiat ive 

rate. And t h i r d , for a four-level laser system, the relaxation rate of 

the terminal laser level is important in determining the saturation f lux 

for a laser pulse of l iven duration. We have determined the nonradiative 

decay rates for rare-earth ions doped into Owens-Illinois ED-4 qlass in order 

to estimate these properties. ED-4, a widely used commercial laser glass, 

is a s i l i ca te glass modified by the addition of L i 0 2 , CaO, and Al 2 0j . . When 

3+ doped with Nd , th is qlass is designated as ED-2. 

The l i fe t ime of an excited state Is determined by a l l the competing 

radiative and nonradiative decay processes; the la t te r include decay by 

both ion-ion interactions and the emission of phonons. To reduce the 

probabi l i ty of nonradiative decay by ion pair interactions in this work, 

the rare-earth concentrations of our samples were less than 1 mol%. When 

the energy gap between the excited 1on1c energy level and the next lower 
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level is greater than the enerqy of the most energetic l a t t i ce v ibrat ion, 

the nonradiative decay must involve the emission o f several phonons. The " 

multiphonon relaxation rates among the 4 f n levels of rare-earth ions have 

been investigated in many crystals including several laser materials [ 2 ] . 

These studies have shown that in these high-order processes, the detailed 

features of the electronic states and phonon modes Involved in the t ransi t ion 

averaqe out. Thus the multiphonon decay is adequately described in many cases 

by the stimulated emission of phonons, a l l of a single frequency u, leading 

to a decay rate of the form 

WNR = C e - ^ W u . T ) + l ] p , (.1) 

where C and a are constants characterist ic of the host mater ia l , AE is the 

energy qap to the next-lower Ionic l eve l , and p = AE/tiw is the number of 

phonons which must be emitted in order to conserve enerqy in the t rans i t ion . 

The exp l i c i t temperature dependence o f W N R, through the Bose-Einstein 

occupation number n = ( e ' " a i K 1 - 1)" , provides a way to determine experi­

mentally the number and energy of the phonons Involved in the decay process, 

I t has been established that the nonradiative decay of rare-earth 

ions in crystals involves emission of the highest energy phonons in the 

lowest order, and therefore most probable, process consistent with energy 

conservation and the l a t t i ce vibrational spectrum [ 2 ] , The highest 

enerqy vibrations of a l a t t i ce are, in general, the most localized modes 

characterized by the short range order of the material . This statement 

is born out by the s imi la r i ty of the Infrared and Raman spectra of vitreous 

materials and their crysta l l ine polymorphs. One would expect that the 

nonradiative decay of rare-earth Ions 1n glasses should also be dominated 
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by these highest energy l a t t i ce vibrat ions. The glass l a t t i ce vibrational 

frequencies of ED-4 may be obtained from the Raman spectrum [ 3 ] , The 

highest frequency band at 900-1100 cm is at t r ibuted to the Si-O-Si 

stretching mode of the s i l i ca te l a t t i c e network. Based on a f i t to our 

measurements of the temperature dependence of WN R usinq Eq. (1 ) , we 

conclude that th is highest frequency vibrational mode plays the dominant 

role in the nonradiative decay. We have found in addition that the strength 

of ion- la t t i ce coupling in glasses is about the same as 1t is in crystals. 

Consequently, since the highest vibrational frequencies of the glass 

la t t i ce are much greater than the highest phonon frequencies of most 

crysta ls , the multiphonon decay rates in glasses are much greater than 

in crystals. 

In order to establish the dependence of the nonradiative decay rate 

on the energy gap, the rates fo r eight excited states of four d i f ferent 

t r iva lent rare-earth ions in ED-4 glass were measured. The decay rates 

were determined from measurements of the transient fluorescence following 

pulsed selective exci tat ion. Two d i f ferent laser sources were used to 

excite the various ionic energy levels. One source was a Nd:YAG laser 

which produced a 100 mj pulse at 1.06 urn with a duration of 1 nsec. This 

pulse was used to produce pulses at the second and th i rd harmonic frequencies 

by frequency doubling and mixing in KD*P. The second source was a tunable 

LiNbO, optical parametric osc i l la tor which was pumped by the frequency 

doubled output of a Chromatlx Nd:YAG laser with a pulse duration of 

200 nsec. (Details of the experimental apparatus and techniques used 

w i l l be published elsewhere). The tota l fluorescence decay rate measured 

in this experiment consists of a radiative and nonradiative contr ibut ion. 

Fortunately, the measured rates 1n ED-4 were much larger than the estimated 

radiative rates, and thus the l a t t e r were neglected. 
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The measured nonradiative decay rates for the various ionic energy 
levels are plotted in Figure 1 as a function of the energy gap to the next 
lower level. An approximate exponential dependence on the energy gap, 
independent of the rare-earth 1on or electronic level, is obtained. This 
systematic dependence can be used to estimate the nonradiative decay rates 
from other rare-earth energy levels of interest in ED-4. The exponential 
dependence of the decay rate should not, however, be extrapolated to values 
of the energy gap corresponding to the excitation of less than approximately 
two quanta of the highest frequency lattice vibrational mode. For relaxation 
processes involving only one or two vibrational quanta, the averaging 
effect of high-order processes is not present, and in this case the decay 
rate is expected to depend on the details of the electronic state and 
vibrational mode excited in the decay, This effect is apparent in the 
deviation from the exponential fit of the decay rate for the Gj,2 level 
of Nd with an energy gap of 1400 cm . The results shown in Figure 1 
of course apply only to the silicate glass. The characteristic vibrational 
frequencies of other glasses are significantly different, leading to 

large variations of the nonradiative decay rates [4], 
3+ We conclude by applying the results of this experiment to the Nd 

doped ED-2 glass to estimate the pump conversion efficiency, the radiative 
quantum efficiency of the F3/0 upper laser level, and the lifetime of 
the IJI/2 terminal laser level. Since the nonradiative rate depends 
exponentially on the energy gap, the decay time from the optical pump 
bands to the F 3, 2 level 1s determined by the largest energy gap encountered 
in the cascade, The largest gap, of approximately 2300 cm occurs 
below the P 3/ 2 level. The fluorescence lifetime of this level was measured 
to be 50 nsec. The radiative lifetimes of all the excited states In the 
pump bands have been calculated using the Judd-Ofelt Intensity parameters 
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for ED-2 [5]. These lifetimes are all longer than 10 sec. Thus, 
since ion pair interactions are believed to be negligible, the pump 
conversion efficiency is found to be greater than 99%. The nonradiative 
decay rate for the F3/2 level, based on the extrapolation shown in 
Figure 1 to an energy gap of 4800 cm , is estimated to be 200 sec . 

q .1 

The radiative decay rate for this level is about 3 x 10 sec leading 
to a radiative quantum efficiency of approximately 95S6 in the absence 
of concentration quenching. An estimate of the radiative quantum efficiency 
which is in aqreement with this valufi was obtained from measurements of 
the temperature dependence of the fluorescence lifetime of the F,/, 
level. This temperature dependence arises from thermal population and 
decay of levels above the F^/? in addition to the temperature dependence 
of W N R shown in Eq. (1). This result is, however, less accurate since the 
change in the measured rate over the available temperature range is small 
compared to the uncertainty in the measurement. Finally the lifetime 
of the * I 1 1 / 2 terminal level with a qap of 1500 cm is predicted to 
be approximately 10 nsec. This value 1s 1n good agreement with estimates 
based on attempts to measure this lifetime directly [6], 
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Figure 1 Hultiphonon decay rates as a function of energy gap to 
the next lower level for rare earths in EO-4 silicate 
glass. The extrapolation to the Nd r"j,2 rate is in­
dicated. 
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