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Abstract

All models of lasing action require knowledge of the physical parameters
involved, of which many can be measured or estimated. The value of the terminal level
lifetime is an important parametér in modeling many high power laser systems since the
terminal level lifetime can have a substantial impact on the extraction efficiency of the
system. However, the values of the terminal level lifetimes for a number of important
laser materials such as Nd:YAG and Nd:YLF are not well known. The terminal level
lifetime, a measure of the time it takes forbthe population to drain out of the terminal
(lower) lasing level, has values that can range from picoseconds to microseconds
depending on the host médium, thus making it difficult to construct one definitive
experiment for all materials. Until recently, many of the direct measurements of the
terminal level lifetime employed complex energy extraction or gain recovery methods
coupled with a numerical model which often resulted in large uncertainties in the
measured lifetimes.

In this report we demonstrate a novel and more accurate zipproach which employs
a pump-probe technique to measure the terminal level lifetime of 16 neodymium-doped
materials. An alternative yet indirect method, which is based on the “Energy Gap Law,” is
to measure the nonradiative lifetime of another transition which has the same energy gap
as the transition of the terminal level lifetime. Employing this simpler approach, we
measured the lifetime for 30 neodymium-doped materials. We show for the first time a
direct comparison between the two methods and determine that the indirect method can
be used to infer the terminal level lifetime within a factor of two for most neodymium-
doped glasses and crystals.

In addition, we evaluate the validity of the energy gap law for nonradiative

transitions which occur over very small energy gaps (< 1000 cm™). We show that several

measured nonradiative rates still follow an exponential dependence on the energy gap in
accordance with the energy gap law. We also discuss an alternative approach for

predicting the nonradiative rates by observing that the absorption coefficient has a similar

exponential dependence on the energy gap and that the two quantities can be related.




Given the importance of the terminal level lifetime, it would be useful if an
approximate solution of the energy transport and kinetic differential equations existed
which explicitly included the terminal level lifetime and the extraction pulse length. The
exact solutions which currently exist are only for the two extreme cases of either
infinitely long or short pulse lengths compared to the terminal level lifetime. We have
formulated an empirical solution of the saturation fluence which explicitly includes the
ratio of the pulse width to the terminal level lifetime and can be substituted within the
well known Frantz-Nodvik analytic solution to model the energy extracted from a
phosphate amplifier. For a third, independent evaluation of the terminal leve] lifetime for
the phosphate glass, LG-750, we used our modified expression for the saturation fluence
to model data taken from a previousb set of energy extraction experiments. We found that
terminal level lifetime derived from the best fit to the data is in agreement with the values
derived from the pump-probe and emission experiments described above, thus giving
confidence to the measured terminal level lifetime of LG-750.

In summary, we have shown that the experimental, theoretical, and computational
studies described in this report can be used individually or in combination with each other
to determine the terminal level lifetime for existing or prospective laser glasses and

crystals.




Chapter 1

Introduction and scope of research

The performance of a neodymium solid state laser is determined in part by the
kinetics of energy flow among the energy levels of the neodymium dopant ion in the
crystalline or glassy host and in the pumping and extraction processes. In the case of most
Nd* laser media, the pumping method involves the use of either laser diodes or flash
lamps, and the pump energy is found to accumulate in the *Fs;, metastable or upper laser
level (Figure 1.1a). The neodymium ion can then be made to lase at the 0.9, 1.06, or 1.3
pm wavelengths, depending on the identity of the terminal laser level (the 419/2, 4111,2, or
4113/2 state respectively); laser action in most Nd-lasers involves the 1.06 pm (4F3/2—>411 12)
transition. Since the 4111/2 terminal laser level is about 2000 cm™ above the 419/2 ground
state, the last event in this sequence of steps is the 4111/2—9419/2 nonradiative relaxation
process. In this system, the terminal level lifetime (Ti12) is the decay time for the
neodymium ions in the 4111 2 level to drain into the 419/2 ground state.

The value of the terminal level lifetime can be an important parameter in
determining the design and performance specifications of high power laser systems. Its
magnitude relative to the laser pulse width, will determine whether a system operates as a
four- or three-level laser. In most cases, four-level operation is desired since extraction is
improved. The lasing scheme shown in Figure 1.1a is an example of a four level laser
when the terminal level lifetime is infinitely fast compared to the length of the pulse,
T11r<<tp. In this case, the 4111/2 Ievel will appear to be virtually unpopulated for the
duration of the extraction pulse. Since the small signal gain coefficient is directly
proportional to the population inversion between the upper *F, level and the lower I
level, the incoming laser pulse will extract more of the stored energy if the 4111/2 level
remains unpopulated. On the other hand, if the length of the extracting pulse is much less
than the terminal level lifetime, T112>>tp, then the population in the 4111/2 level will
become bottlenecked and the attainable extraction efficiency will be diminished since the

upward and downward transitions at the laser frequency will eventually become equal,

thereby imposing a fundamental limit on the fraction of extractable energy.




An example of purely three-level laser occurs in systems where the laser transition
terminates on the ground state. An example of this is found in the ruby laser (Cr-doped
sapphire) where the main laser transition at the 0.694 um wavelength transfers a fraction
of the Cr ion population between the E level and the A, ground state level (Figure 1.1b).
In this case, the value of terminal level lifetime can be considered to be infinitely long
and thus limits the maximum attainable extractable energy.

For neodymium laser systems, the fraction of extractable energy may be expressed

in the high temperature limit as:
1

Nextr = -l:—du_] | (D
1+-%

d,
where dy/d] is the ratio of the degeneracies for the upper 4F3/2 and lower I neodymium
levels. For finite temperatures, the ratio of degeneracies, d./d;, can be replaced by the ratio
of Boltzmann occupation fractions, fi/f,, of the crystal field levels within the *Ii1» and
“F3, manifolds. If the “I;1,» level is fully bottlenecked, the internal extraction efficiency,
Nexer» for a Nd laser is at its minimum and is equal to 75%. If one considers the additional
impact of a square output pulse of duration, t,, together with the terminal level lifetime,
T11/2, the limiting extraction efficiency is found to be:
Moty %11/) = ——— @
_ [l + a? X Q]

where Q represents the bottlenecking efficiency which ranges from zero to one depending
on the ratio of t,/T112 (derived in Chapter 6). In Figure 1.2, the ideal extraction efficiency
is plotted as a function of R = t/7;,; for the Nd-doped phosphate glass LG-750. This
glass is used in the amplifier section of the Nova Laser and is similar to the glass used in
the design of the National Ignition Facility (NIF)'. For comparison, a few additional data
are shown including the oxide crystals, Nd:YAG and Nd:YALO, and the fluoride crystal,
Nd:YLF (The data points for these materials will not lie exactly on the phosphate curve

due to differences in the degeneracies of the upper and lower laser levels and thus the

values for the extraction efficiency). The pulse lengths (t;) were assumed to be square in




shape with a length of 3 ns with the exception of the NIF data point where a pulse length
of 8 ns was used. Using this extraction model, we are able to show that the extraction
efficiencies for a Nd:phosphate glass laser are only moderately impacted by the short
terminal level lifetime (<1 ns) whereas for Nd:YLF, the long terminall level lifetime (~10
ns) can become a limiting factor.

The progress of solid-state laser science during the last decade is such that, it is
now possible to model and predict the pumping and extraction dynamics in numerous
kinds of systems as discussed above. For more accurate modeling and prediction,
additional detailed information concerning the laser physics of the gain medium is
required to completely account for the various mechanisms impacting the efficiencies,
pulse distortion, and other effects. The terminal level lifetime can be included as an
important parameter for many kinetic, energy transport and extraction efficiency models
as illustrated in Figure 1.2. As a result, there have been several experimental and
theoretical approaches over the last three decades to accurately measure the terminal level
lifetime. However, agreement in the results among the different approaches for a large
sampling of laser materials has never been demonstrated due to the experimental
compléxities involved in making a precise measurement of the short lifetimes (< 1ns)
found in many laser materials.

To illustrate the differences found in the experimental values for the terminal level
lifetime, we list several results for Nd:YAG in Table 1.1 where we find values ranging
from 0.370 to 500 ns>>*>*78%1%_Of the measurements listed, the shortest value of 370 ps
was obtained by Basiev and coworkers® in an experiment in which they measured the
nonradiative lifetime of the 4G7/2 level through time resolved luminescence decay. Since
in Nd:YAG, the “G72—*Gsp,’ Gy, and “Ij12—Top; transitions both have similar sized
energy gaps of 1150 cm’, the measured nonradiative lifetime for *Gp—*Gsn,’Grn
transition should in principle (according to the energy gap law which we will discuss

later) be equal to the 711/, lifetime. Another experimental approach listed was to measure
the temporal gain recovery of the *F3,—*1112 laser transition by using a weak pulse to

probe the remaining small-signal gain within a test amplifier after the passage of a

saturating pulse. The results obtained from these measurements have resulted in lifetimes




ranging from 5 to 300 ns. It is evident from the wide range of values listed in Table 1.1
that there is a lack of agreement among the various measurements suggesting the need for
a new approach.

Therefore, one of the goals of this project was to develop a direct and more
accurate approach for measuring the terminal level lifetime of several Nd-doped glasses
and crystals. In the past, many direct measurements usually employed either an energy
extraction® or gain recovery'' method coupled with a numerical model of the population
dynamics. For example, in Figure 1.3a we show an energy level diagram for an energy
extraction experiment where population is transferred from the 4F3/2 level to the 411 12 level
in a Nd-doped host via stimulated emission. The amount of energy extracted from the
gain medium is evaluated from measurements of the laser pulse energy before and after
passage through the material. The terminal level lifetime is included as a fitting parameter
in the numerical model and found by the best fit to the data. Our approach differed from
experiments such as these in that we were able to more directly populate the terminal
level utilizing a unique pump and probe technique'?. In the experiment, a 2.41 pm pump
beam excites a fraction of the ground state population into the “Tan (Figure 1.3b). A
probe beam monitors the draining of the 4111/2 population into the 419/2 ground state by
exciting a fraction of the 4111/2 population into the upper 4F3,2 level. Here the radiative
emission for the 4F3/2—>419/2 transition is time integrated. The value of the time integrated
emission signal is proportional to the population in the *I;;; level at each instant in time.
In order to record the complete temporal profile of the *I;,» population, this process is
repeated for increased time delays of the probe beam with respect to the pump beam. We
discuss this experimental scheme in detail in Chapter 2 and present the analysis and
results for 16 Nd-doped laser materials.

Although we found that the above experiment is an ideal technique suitable for
directly measuring the terminal level lifetime, the experimental setup and analysis can be
complex. And therefore, it would be useful to find a simpler method which could be used
to infer the value of the terminal level lifetime based on a comparisons with the lifetime

derived from the more accurate pump-probe experiment. Upon surveying the

experimental techniques discussed in the literature, we found that an indirect method




1314 is the most widely used because

which is based on the validity of the energy gap law
of its simple and straightforward approach. The energy gap law postulates that the
nonradiative lifetime between two electronic levels within a given material primarily
depends upon the host phonon spectrum and the size of the energy gap between the two
levels; the symmetries of the electronic levels are not considered relevant. Coincidentally,
there exists is a higher lying nonradiative transition (4G7/2—>4G5,2,2G7/2) in neodymium
whose energy gap nearly matches that of the lower, T —419/2 gap (Figure 1.3c). Based
on the validity of the energy gap theory, the two lifetimes, T4, and 711/, (corresponding to
the 4G7/2—-)4G5/2,2G7/2 and 411 1/2—>419/2 transitions respectively) are inferred to be equal.
Time resolved emission intensity from the “G; level at ~600 nm will produce a signal
which is dominated by the nonradiative rate. Therefore, the fluorescence signal is a direct
measure of the 4G7/2—>4G5/2,2G7/2 nonradiative decay and an indirect measure of the
4111/2—>419,2 transition. This method typically requires a high temporal resolution detector
and/or a time-correlated single photon counting system since some materials such as
YAG (see Table 1.1) have very short nonradiative lifetimes. In Chapter 3, we describe
the measurements of the T, lifetime in 30 Nd-doped materials including those
investigated in the pump-probe experiments. We also show that the inferred terminal
level lifetimes (T7,2) from the indirect method are within a factor of two of the pump-
probe terminal level lifetimes (Ti112) for most of Nd-doped glasses and crystals
investigated thus offering validation for the simpler, indirect approach.

In Chapter 4 we measure the Ts, lifetime for the *Gs12,2G1p—>*Hyyp transition in
10 Nd-doped fluoride glasses and crystals. The nonradiative rates for this particular
transition have not been measured in many materials due to the small energy gaps (<1000
cm™) and fast rates expected (nanoseconds). The experiments in this chapter help to
provide additional data to what is currently available in the literature and explore the
validity of the energy gap law for nonradiative transitions which occur over very small

energy gaps (i.e. less than that of the 411 1 /2—419,2 separation).

We also recognize that in addition to needing to know the measured Ti12 values

for existing common laser materials, it would also be useful to have a theoretical means




of reliably predicting the values for new prospective crystals and glasses. Several
theoretical approaches have been taken to formulate an express’ion for the nonradiative
rate between two levels of a rare-earth ion in terms of measurable or calculable quantities.
Some of the early theoretical formulations were constructed by Perlinls, Huangm, Kiel”,
Orbachlg, Partlow and Moos'g, Miyakawa and Dexterzo, FischerZI, Soules and Dukezz,
Fong et al.>, and Struck and Fonger24. Some of these attempts relied upon knowing
complex matrix elements, ion-phonon coupling coefficients, phonon densities, and other
quantities that were difficult to calculate, measure, or even estimate. Included among the
first theoretical efforts to render these equations in a convenient form were ideas
expressed by Riseberg and Moos'® for rare-earth doped crystalline hosts, and Layne,
Lowdermilk, and Weber'* for rare-earth doped glasses. Their final expression (rederived
in Chapter 5) for the nonradiative rate (W) involved several measurable quantities: the
energy gap between the two levels of interest (AEg,), the effective phonon frequency
(Vetr), and the temperature. Their expression suggests that for a given temperature, a
simple exponential relationship exists between the nonradiative rate and energy gap:

W, = Aexp(—xp) “Energy Gap Law” 3
where A and x are host-dependent parameters, and p is the normalized energy gap,
(AEgip/hvesr). The quantity p is the order of the phonon process and arises from
considering the single phonon term in the interaction Hamiltonian expansion taken in the
p-th order perturbation calculation. The assumption here is that for transitions involving
approximately two or more phonons, only the highest frequency of vibration, (Ves), in the
host plays a significant role in enabling the nonradiative transition. Therefore, the
smallest number of high frequency phonons will tend to dominate the nonradiative decay
rate (Figure 1.4). The vibrational frequencies of each host can be independently
estimated through measurements of Raman or infrared spectra.
| In general, the above expression, known as the energy gap law, has adequately

modeled most of the available experimental data corresponding to higher order (>2)

phonon processes and larger (>2000 cm™) energy gaps. Some theoretical formulations,

" such as those by Perlin et al.®, Huang and Gu”® include the entire phonon density in their




calculations and do not assume that only the highest frequency phonons are dominant in
the transition. A different approach by Gapontsev and Sirtlanov*’ has been to incorporate
an electric dipole-dipole model that includes the host absorption and rare-earth ion
emission in their theoretical nonradiative rate calculations. These latter approaches may
be required since for transitions involving 1-2 phonon relaxation processes, we may
“expect the single-frequency theory to begin to break down since the requisite statistical
averaging over matrix elements and other quantities is reduced.

In Chapter 5, we explore the validity of the energy gap law for transitions which
have energy gaps that are smaller than 1000 cm™ and involve lower order (1-2 phonon)
processes. We found that the measured nonradiative rates still appear to follow an
exponential dependence on the energy gap of the transition. This implies that if the
transition rates for the larger energy gaps are known, then the values of the faster rates
(with smaller energy gaps) can be extrapolated from the Wy versus AEg,, curve.
However, in order to extrapolate to the faster rates, an adequate number of experimental
data must be taken in order to accurately establish the slope of the Wy, versus AEg,
curve. We propose an alternative theoretical approach to the gap law by showing that a
simple relationship exists between the nonradiative rate and the absorption coefficient for
three crystalline materials. This approach employs many of the same ideas used in energy
transfer theory to describe the nonradiative transfer of energy between donor and acceptor
ions in a host medium. Using this approach, only a measurement of the absorption
coefficient and two predetermined scaling factors are needed to determine the
nonradiative lifetime for the Nd-doped laser materials investigated.

In the final chapter, we conclude our studies by developing an approximate
solution of the energy transport and kinetic differential equations which explicitly
includes the terminal level lifetime and the pulse length. Such a solution, is useful for
predicting the impact of the terminal level lifetime on energy extraction (recall
Figure 1.2). To date, the only exact analytic solutions which exist are for the two extreme
cases of t,/T112<<1 and ty/T112>>1, that is, very short or long pulse lengths relative to the
terminal level lifetime®®. We have formulated an empirical solution of the saturation

fluence which explicitly includes the ratio, ty/Ti12 and is therefore valid in the
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intermediate region of t,/T;12 = 1 as well. Our empirical solution of the saturation fluence
can be substituted within the well known Frantz-Nodvik®® analytic solution to model the
energy extracted from an amplifier. The motivation for finding an empirical solution was
two fold. First, we wanted a simple expression that could be used within the existing
models that would include the effects of the terminal level lifetime without having to
tediously integrate the energy transport and kinetic differential equations and second, we
wanted to verify by a third independent method, that our measured value of the terminal
level lifetime for the Nd:phosphate glass, LG-750, is accurate. Therefore, in Chapter 6,
we present a modified expression for the saturation fluence and use it to model energy
extraction data taken from a previous set of experiments and show that the terminal level

lifetime derived from the best fit to the data is in agreement with the lifetimes measured

from the direct and indirect methods described in Chapters 2 and 3 respectively.
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Table 1.1 A partial list of methods and corresponding terminal level lifetimes reported
for Nd:YAG. The results from the various measurement techniques, which include and
indirect method (4G7/2 lifetime) and direct method (gain recovery), illustrate the wide

* range of reported values and uncertainties.
Nd:YAG Lifetime Method
(ns)

Basiev’ 0.37

Cruz’ 0.47 Gap-law
Kushida" <10 (*Gyp, lifetime)
Zverev’ | ~500

Palombo® <5

Hovis’ <11 Gain recovery
Zlenko® <300

Zlenko® <30 .

Grigory’ ants’ <10 Other
Gapontsev' ~10
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Nd-doped phosphate Cr-doped sapphire
energy levels energy levels

1 um
Laser Line
0.694 um
152 Laser Line
4|J 13/2
v
11/2
T11/2
Lower Level
Lifetime
(a) (b)

Figure 1.1 Energy level diagrams showing (a) the 1 um transition in Nd-doped phosphate
glass and (b) the 0.694 um transition in Cr-doped sapphire or ruby. In (a) the terminal
level lifetime is defined as the time for the Nd population to decay from the *I;, state to
the 419/2 ground state.
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Figure 1.2 The ideal extraction efficiency (dashed line) plotted as a function of the ratio
of the pulse length to the terminal level lifetime for a Nd:phosphate glass. For
comparison, additional data are shown (Nd:YLF, Nd:YALO, and Nd:YAG). The plots
illustrates that the relatively short terminal level lifetime (<1 ns) of the phosphate glass
used in the Nova Laser and of the glass used in the design of the National Ignition Facility
(NIF) is not a limiting factor in obtaining the highest possible extraction efficiency. In
comparison the long lifetime (~10 ns) of the fluoride crystal, Nd:YLF, can actually be a

limiting factor.
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Energy Extraction Pump-Probe Emission

(Direct) (Direct) (Indirect)
4G7/2 N
4G5/2 % /7]
?
2G7p Emission
Emission
- || JL
Probe(t) Pumpit)
15/2
1312
4| J v\
1112
9/2 i P“mpf‘_)_ ?11/2: :
Measure 141y : Measure 1412 Measure 17 ~ 4452
(a) (b) (c)

Figure 1.3 Energy level diagrams showing three different methods to measure the
terminal leve] lifetime, 112, in 2 Nd-doped material. In (a) an extracting pulse is passed
through an amplifier medium. The output fluence of the extraction pulse is dependent on
the terminal level lifetime and therefore, through numerical modeling of the extracted
energy, T11/2 can be determined. Fig. (b) illustrates a more direct method which employs a
pump-probe technique. A pump beam followed in time by a probe beam monitors the Nd
population in the i level. The integrated emission signal from the *Fy, level will be
proportional to the Tun population. The pump-probe process is repeated and eventually
the 11,2 lifetime is constructed. Fig. (c) illustrates the least direct but simplest method for
determining Tjj12. The nonradiative lifetime for the 4G7/2—>4G5/2,2G7,2 transition is
determined from the 4G7/2 emission signal. Since the 4G7/2—4G5/2,2G7/2 and the 4111,2—419/2
gaps are nearly the same, the energy gap law implies that 17,2 = Ti112.
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4-phonon process 2-phonon process

Wir(p=4) < War (p=2)

Whr=Aexp (-x p)

Figure 1.4 Lower order phonon processes (p=2) will lead to faster nonradiative rates
(Wq) since a smaller number of phonons are needed to conserve energy and bridge the

energy gap.
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Chapter 2
Measurements of the terminal level lifetime (T11,2) for the *I;1,—*Iyy, transition in 16

Nd-doped crystals and glasses using a novel pump and probe technique

2.1 Introduction

We have designed an experiment to directly measure the terminal level lifetime in
several glassy and crystalline hosts. As discussed in Chapter 1, the value of the terminal
level lifetime can be an important parameter in energy extraction models when terminal
level lifetime begins to approach the extraction pulse width. We chose to investigate a
variety of laser materials such as Nd:YAG and Nd:YLF as well as several Nd-doped
phosphate and silicate glasses using a novel pump-probe method. In our experiment we
were able to directly monitor the terminal level 411 12 population as a function of time,
thus making the results of the measurements more accurate than previous direct methods.

The basic concept of our experimental design is based on a pump and probe
scheme shown in Figure 2.1. Because the *I;;» state cannot be directly pumped from the
419/2 state due to phonon host absorption in many materials, we use 2.41 um light to pump
the population from the ground state into the next higher level, or the 4113/2 state. After a
time Tq, @ 1.06 pm beam then probes the population at the Tup level by exciting a
fraction of those ions to the “Fs, level. These ions will subsequently emit radiation at
0.88 um with a signal strength that is proportional to the population at the “I;;;; level.
This process is repeated for a longer time delay, T4, and a new value for the integrated
emission is obtained. The integrated emission signals are then plotted as a function of
time delay between pump and probe. So as the 411 172 population drains into the ground
state, the 0.88 pm emission should decrease and the temporal evolution of the terminal
level population will be recorded. '

We first discuss in detail how the experiment was conducted and then describe the
theoretical modeling, data fitting, and the uncertainties associated with our approach in
the daté analysis section. The data is presented in the results section along with a

summary table. We next establish lower and upper limits on the Ty, lifetime and finally

provide a summary of this work.
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2.2 Experimental arrangement

The detailed experimental arrangement employed is shown in Figure 2.2. The
1.06 um output from an Coherent mode-locked Nd:YAG laser operating at a repetition
rate of 76 MHz is injected into a Continuum regenerative amplifier to produce a 10 Hz
output of 55 mJ per pulse. The pulse widths are on the order of 100 ps at FWHM. The
laser beam is then split into two pulses using a 20/80 beam splitter since two nonlinear
processes are required to generate the 2.41 pm pump pulse. First, the more energetic
pulse is focused into a Raman cell filled with hydrogen at a pressure of 55 atmospheres to
provide a 1.91 pm first Stokes pulse and recollimated using a pair of 50 cm lenses chosen
to match the length of the cell. Conversion to the first Stokes line is about 9%, producing
3.8 mJ at 1.91 pm. Next, the 1.06 pm beam (s polarized) from the original beam path and
the 1.91 pm (p polarized) beams are weakly focused into a lithium niobate crystal
specifically cut with respect to the proper phase matching angles for difference frequency
conversion to 2.41 pm. The conversion efficiency to the 2.41 pm beam was about 8% of
the total energy into the crystal which amounted to 500 pJ. A dispersive prism was used
to separate the 2.41 pm and residual 1.06 pm beams so that the 1.06 um beam could be
sent into a variable delay line and used as the probe. The length of the delay line allowed
for a maximum time delay of 6500 ps between the pump and probe pulises. The delay line
was computer controlled and programmed to shift a corner cube in 50.8 ps steps between
data points. In the 1.06 pm path, a filter was used to both reduce the energy and provide a
reflected beam for a 1.06 um reference detector (Ry.06). A reflection off of an uncoated
beam splitter was used for the 2.41 pm reference detector (R,41). These detectors were
used to account for the thermal background and shot to shot fluctuations of the pump and
probe energies as discussed below.

The thermal background signal was significant since the 411 12 level lies
approximately 2000 cm™ above the ground state and is therefore expected to hold about
10™* of the ground state population. We found that the *“I112 thermal populat}on is large

enough to produce an interfering signal compared to our induced signal. Therefore, before

each data run, a measurement of the thermal background was taken by exciting the
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sample with the 1.06 pm probe beam only. Without the pump beam present, this
measurement provided a 0.88 pm emission signal that was proportional to the thermal
population in the lower levels. The 0.88 pm emission was detected with an infrared
sensitive photomultiplier tube positioned on the side of the sample with a narrow band
filter placed directly in front of the detector. The ratio of the 0.88 pum signal to the 1.06
pm signal was then evaluated (referred to as Bpg,) and employed throughout the
experimental run. During a data run, the inferred thermal background was accounted for
by subtracting out the previously determined fixed ratio (Brade) from the 0.88 um
emission signal (Sgss). However, in order to account for the fluctuating probe signal, the
0.88 wm emission signal (Sggs) was normalized by the 1.064 reference signal (R, s) and
Braio must be multiplied by Ries. The background subtracted signal shown in the
parenthesis below is then normalized by the 2.41 pm reference signal (R,41) to account
for fluctuations in the pump beam. The final expression employed to evaluate the
terminal level population for each 14 is:

S .
(Ro,gs - Bratio X R1.06)
S = 1.06

()
R4

It is important to note that 0.88 um emission signal and the background signal
were generally found to be comparable in magnitude. For each shot, signals from all three
detectors were sent into individual electronic boxcar signal integrators that were
interfaced to a personal computer. Twenty shots were averaged for each time delay and

the data was stored on floppy disk for subsequent numerical analysis.

2.3 Data analysis

A more detailed picture of the kinetic processes involved in the pump and probe
scheme is shown in Figure 2.3. Here we include the existence of a complicating
additional resonance at 1.06 pm that had not been previously discussed. This resonance

causes the probe beam to simultaneously transfer population from both the 4111/2 and the

4113/2 levels to the upper 4F3/2 and 4F7/2 levels respectively followed by rapid nonradiative
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relaxation through the “Fs;, and 2H9/2 levels to the 4F3/2 level. Therefore, the observed
decay of 0.88 um signal is a function of both the 7132 and T;3,; lifetimes as well as the
ratio of cross sections, G;1/2/C1312, (see Figure 2.3). Consequently, in order to determine

the terminal level lifetime, we must fit our data to a model which includes these physical

parameters. The simplified population rate equations used for modeling this system are:

dNu Iprobe(t) N
= Gy39N, +011pNy) — —2
dt hVL()G ( 13/2°%2 1172 1) T,

(2a)

sz =Ipump(t) N2 _ Iprobe(t)

ooNp — G132N> (2b)
dt hv, 4 T13/2 hvy6
N I t
le == 1 + N2 = prObe( ) (o7 1/2N1 (2C)
dt Tz T2 hv; 06
N, = constant ' (2d)
B 12 W
5 t—1
with Lrobe (1) = A probe €XD| — d (2e)
i Wprobe i
- -2
t
. Ipump ()= Apump C€Xp| — W (2f)
| pump |

where N, is the combined population deposited in the upper *Fs/, and *F;, levels, N, and
N; are the populations of the 4113/2 and 411 112 levels respectively, and Ny corresponds to the
*Ios, ground state population. The pump and probe intensities are denoted by Ipump(t) and
Iorobe(t) and were assumed to be Gaussian in character with widths of Wpymp and Wprobe
respectively. For weak probe beams, as in our case, the last terms in 2b and 2c can usually
be left out. In Eqns. 2 we have assumed that the pump and probe beams are weak so that
No >> Ny, Ny, and N,,. Based on the energy gap law expressed in Chapter 1, Eqn. 3, we
expect the nonradiative lifetime for the 4113/2_—>419/2 transition to be significantly longer
than both the ;12 and 113/, lifetimes and therefore we do not include this nonradiative
lifetime in our model. As a starting condition for the numerical solution, the probe beam
is allowed to arrive several picoseconds ahead of the pump beam. Since the signal arising

from the excitation of the thermal population of the lower levels is automaticaily

accounted for in the data acquisition process (see Eqn. 1), there is no calculated emission
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signal at the beginning of the solution. Overlap of the pump and probe peaks occurs in the
steep rise of the 0.88 pum signal. As the solution advances, the probe and pump pulses
will no longer overlap and the probe beam will eventually arrive at times long after the
pump pulse. This approach allows us to model the entire 0.88 um emission signal and
include the overlap effects of the pump and probe pulses in the population decays. For
each incremental time delay (T4), the coupled differential equations are solved using a
standard Runge-Kutta integration routine’.

For each material, the solution to the above equations involves three variable
parameters: T112, T13/2, and O112/013p2, and the following scaling factors: Ty, Go, Apump, and
Apobe. The spontaneous 0.88 um emission lifetime (T.), the cross section for the
419/2—>4II3/2 transition (Gy), and the pump and probe amplitudes (Apump, Aprobe)s only
effect the overall magnitude of the 0.88 pm emission signal. Since the data only depends
on the relative changes of the 0.88 pm signal for each time delay of the probe pulse, the
precise values of these scaling parameters are unimportant. The pump and probe pulse
widths were determined from fitting the model to the Nd:YLF data taken with high
(2.54 ps) temporal resolution. We chose this material because its long (>10 ns) relaxation
time assures us that the risetime due to the laser pulse widths can be unambiguously
separated out. The pulse widths were fit with an accuracy of + 25% using Wpump = Wprobe
= 50 ps.

In trying to fit the numerical solution to the data, we initially tried to
independently vary all three of the parameters (T11/2, Ti3/2, O112/C1372) in order to find the
best fit, but in doing so, we found that different sets of parameters produced similar fits to
the data. We next discuss how the fits to the data varied as we changed the parameters,
and what constraints were imposed to find the best fit. LG-750, a phosphate glass, was

chosen as the representative material for our analysis and discussion.

In order to find the best fit to the data we varied the cross section ratio, 611/2/G13/2,
and the 1;1/; lifetime while holding the lifetime ratio, T13/2/T11/2, fixed until we found the

minimum fitting error ()2). As an example, by setting Ti3/2/T112 = 1, we found the values
g X ple, by g

of T112 = 450 ps and ©11/2/0132 = 1.4 gave the minimum fitting error. These values are
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plotted on the graphs shown in Figures 2.4a and b. Figure 2.4a shows the corresponding
fitting error for each of the‘ lifetime ratios plotted and Figure 2.4b shows the
corresponding value of the cross section ratio that gave the minimum fitting error. We
found that as we tried to increase the imposed ratio of lifetimes, we also had to increase
the ratio of cross sections. However, in the process, the minimum fitting error increased.

In order to find limits for the range of acceptable values (shown by the two gray
shaded areas on the plots) We used two independent assessments. Based on the quality on
the fit, we believe that the range of acceptable errors should be less than roughly twice the
minimum error as indicated by the gray shaded area in Figure 2.4a. Secondly, using an
independent calculation for the ratio of the cross sections for LG-750 based on the Judd’
and Ofelt® theory, we calculated the ©1i2/C13, ratio to be approximately 0.8 (See
Appendix 2A). Based on the uncertainties in the Judd-Ofelt calculation (usually a factor
of two), we assigned the range of allowable cross sections to be between 0.4 and 1.6
which is indicated by the gray shaded area in Figure 2.4b. Lastly, we mention that the
vertical dotted line corresponds to a constraint imposed by the energy gap law, whereby
the decreasing nonradiative rate with increasing energy gap suggests that the ratio of the
lifetimes (T13/2/T11/2) should be no less than one since the 4113/2—4111/2 gap is always greater
than the *I;1,—%1o2 gap.

We can now use the plots of Figures 2.4a and b to provide an assessment as to
the range of reasonable Ti3,/T112 values that should be employed. If we constrain the
T132/T112 ratio to fall within both of the gray shaded areas in Figures 2.4a and 2.4b, we
find that the T13,2/T11/2 values between approximately one and two are acceptable to model
the acquired LG-750 phosphate data. Therefore, in order to satisfy the requirements of
minimizing the fitting error while using a reasonable value for the ratio of cross sections,

we chose to constrain the lifetimes to be equal to one another (T11/2 = T13/2 = Tegp) for all of
the materials studied. This constraint is consistent with the possibility that the “Tisn— Ty

and 411 1/2—)419/2 transitions occur over averaged, similar sized energy gaps. If we consider

the 300-1000 cm-! spread in the crystal field levels within the 41y manifolds with respect

to 1200-1700 cm-! gap between the 4 electronic states, we can assume the possibility of
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an averaging effect over which these population decays take place. If this averaging effect
were highly effective, then the 7112 = 7132 = Ter Would hold exactly. If the averaging
among the different crystal field levels were not important, then the T.¢ would serve as an
upper'limit, since the decay should be faster for the approximately 200 cm! smaller

4111/2—419/2 energy gap compared to the 4113/2—4111/2 separation. Therefore, for each material,

we varied the effective lifetime, T.¢, and the cross section ratio, 611/2/G135, until the errors
in the fit to the data were minimized. This process allows us to calculate an upper limit on
the 711> terminal level lifetime, and in a later section the energy gap law is used to derive
an expression for a lower limit. As we will show, this approach adequately modeled the

~ data well for'nearly all of the materials investigated.

2.4 Results and fit to kinetic model

We selected a variety of samples for which we assessed the terminal level
lifetime. The sample selection was chosen to be representative of the different types of
materials that are important to laser technology. As listed in Table 2.1 we examined 5
different phosphates including 4 glasses (LLG-750, APG-1, and the experimental glasses:
APG-x and APG-y) and one crystal known as fluorapatite or C-FAP (Cas(PO,);F). We
looked at three silicate glasses: LG-660, LG-650 and a Nd-doped fused silica (SiO,)
prepared by a sol-gel synthesis route®. Several of the common oxide crystals were
studied: YAIO; (YALO), Gd3Sc>Gaz;O1; (GSGG), and Y3Al50;:; (YAG). In addition, we
considered four fluoride hosts that included two crystals: SrF; and LiYF, (YLF), and two
glasses: ZBLAN and LG-812 (a ﬂuor(;phosphate glass). Lastly, we include one crystal
from the vanadate group, YVO,.

The data and modeled fits for several of the materials investigated at room
temperature are shown in Figures 2.5 and 2.6. In each plot, the integrated 0.88 pm signal
is plotted as a function of the time delay (t4) between the pump and probe pulses. The
maximum time delay of 6500 ps permitted by our translation stage was adequate for most

of the lifetimes measured, although for all the fluoride materials investigated, additional

data was needed. We were able to take an additional 6000 ps of lifetime data by moving
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the delay line further back and repeating the pump-probe experiment in the new location.
This was only done for YLF since the ZBLAN and SrF, data were too noisy. Therefore,
only the YLF plot in Figure 2.6 consists of two connected data runs. In an effort to
reduce the statistical noise, a minimum of three data runs were averaged together for each
sample. In addition, the data has been smoothed with a three point weighted average; the
center point was weighted by two and the points on either side of the center point were
weighted by unity.

In Table 2.1, we list the materials names and chemical formulas along with the
corresponding fitted values of Tesr and G;1/2/0132- We also include the averaged energy
gap (AE,ye) between “Tjzp~"T112 and *I10~*Ioys levels, effective phonon energy (hveg), and
the normalized energy gap (p=AEaw/hves). Recall from Chapter 1 that the energy gap law
expresses the nonradiative rate as: Wp=A exp(-kp), where A and x are host dependent
parameters. For all of the crystals investigated, the energy gaps for the “Ijzp—"Ij1 and
4111/2-419/2 separations were obtained from the literature and are referenced in Table
2.1.>%78 For the glasses, we experimentally deduced the energy separations from the
emission spectra for each of the samples. In order to determine the energy gap between
the lowest upper multiplet and the highest lower multiplet for the 4113/2—94111/2 transition,
the horizontal distance between the falling edge of the 1.06 pm emission peak and rising
edge of the 1.31 pm emission peak was measured at the half maximum of each peak. A
~ similar calculation was done for the 4111/2—)419/2 transition. The two measured energy gaps
were then averaged together to obtain a value for AE,... The effective phonon frequencies
for each material are also referenced in Table 2.17101112131415161718 with the
exception of the GSGG and the ZBLAN materials, where we instead used the referenced
effective phonon frequencies of the GGG'> and ZBLN'? materials respectively since no
vibrational data could be found. These substitutions were made because the effective
phonon frequencies are expected to be similar. For example, since the ZrF, complex
comprises the highest concentration of molecular species in both the ZBLN and ZBLAN

glasses and since this complex is believed to be responsible for the high frequency

vibrations in ZBLN'", we can assume that ZBLAN should exhibit the same high
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frequencies as ZBLN. A similar argument can also be made for the GaO4 complex which
is present in both the GSGG and GGG crystals.

The phosphate and silicate materials investigated all have‘effective lifetimes of
less than a nanosecond. These short lifetimes are primarily due to the high phonon
frequencies (1000—1200 cm1) which allow for low order phonon processes (p<2). Within
the oxide group, we find that YAG has an extremely short lifetime of 225 ps whereas for
all of the fluoride materials, we find that the larger gaps coupled with the lower phonon
frequencies lead to long effective lifetimes in the nanosecond regime. Within each of the
phosphate, silicate, and oxide groups we find that a decrease in the effective lifetime Tesr
roughly corresponds to a decease in the order of the process, p (within experimental
error). This observation qualitatively agrees with expectation for the energy gap law at a
fixed temperature. This comparison could not be made for the fluoride materials since
noise prevented us from taking reliable data for the ZBLAN and SrF; hosts, although we
can make qualitative observations based on the order of their processes. Since YLF and
ZBLAN have similar effective phonon frequencies and averaged energy gaps (and

, therefore similar p =AE,./hvesr values) we would expect ZBLAN to have a terminal level
lifetime comparable to that of YLF whereas StF, should have a longer lifetime than YLF
since the order of the process, p, is larger.

The fluorophosphate data could not be modeled with a single effective lifetime
and instead was fitted with two lifetimes of 650 and 5300 ps. The unusually large
difference between these lifetimes indicates that the discrepancy between the lifetimes is
too large to be associated with the difference in energy gap between the 4113/2—>411 12 and
4111/2—9419/2 transitions. So, while we can fit the data with our model, the physical origin of
the two lifetimes is different. The fluorophosphate material has a distribution of
phosphate and fluoride anions and therefore each N d ion will be surrounded by a different
concentration of these species. The Nd ions that have more phosphates nearby, will
naturally have a faster decay rate than those Nd ions that are surrdunded predominately by
fluorides since the PO, species typically possesses vibrations with 1000-1200 cm'!

energies, while the fluorides are closer to 400-600 cm-l. The presence of the phosphates

accelerates the energy transfer to the surrounding medium and therefore we might
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associate the lifetimes with two energy transfer processes occﬁrring over different time
scales; the shorter 650 ps phenomena could be attributed to the phosphate or PO4
complexes while the longer 5300 ps decay time could be due to the lower phonon
frequency fluoride ions. Although there is not enough data to analyze this detail, it is our
assumption that an increase in the relaxation decay rate is mediated by the proximity of
the phosphates.

Based on either the Judd-Ofelt cross section analysis or emission spectra we found
that the cross section ratios listed in Table 2.1 are reasonable. The phosphate and silicate
glasses all have a calculated ratio close to one. The SiO; (sol-gel prep.) and the crystalline
materials of YALO, YAG, C-FAP, and YVO, are all exbected to have a cross section
ratio significantly greater than one, since there is a strong emission line for the
4F3,2->4In/2 transition at 1.06 um, suggestive of an exact 1.06 pm energy resonance
between the 4F3/2 and 4111/2 levels. We might expect a smaller ratio for GSGG and the
fluoride materials, since the strong emission lines occur at a different wavelength from
the 1.06 um probe beam.

The doping levels for the 16 crystalline materials investigated roughly ranged
from 0.2-2% whereas for the glasses, the concentrations ranged from 2-5 weight %. We
measured the effective lifetime for two additional samples of LG-750 and LG-660 with
increased doping levels of 4 wt % and 8 wt % respectively and found no difference in the
effective lifetimes. This was to be expected since concentration dependent phenomena
such as energy transfer normally occur on longer (microsecond) time scales compared to
the picosecond lifetimes measured here. We cannot be sure however that this result is
completely general since some crystals could have accidental resonances that lead to

enhanced transfer rates.

2.5 Evaluation of the lower limit to the 4111,2 lifetime

In Figure 2.7 we plot the T and AE,,. values along with lifetime data taken from

9,12,18,19,

the literature 2021 for many nonradiative transitions that occur across the energy

gaps lying above the 4F3/2 metastable level and for other rare-earth ions within the same

materials. A best fit line was drawn through the data for each plot. We did not include the
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data relating to SrF, and ZBLAN since our data point only represented an upper bound.
For most of the materials we utilized the data in Figurer 2.7 to calculate the slope, ¥, of
the best fit line. Based on the energy gaps (AEj3, AE;1/2) and the slope (), we calculate
the expected ratio of lifetimes of the 4113/2 and 4111/2 levels, Riite = T13/2/T11/2, fOr each
material to be:

Tizn _ Aexp(-YAE;y,)
T11/2 A exp(-YAE;3,)

where AE gir = AE 3/, —AE ) (3b)

=exp(Y AEisr ) = Ryje (3a)

The values Ry, as well as AEgiss and y are listed in Table 2.25678

The values of Ryjf. represent the lifetime ratio that should exist if the energy gap
law were rigorously applicable in the small gap (< 2) limit. Since this physical law was
originally intended to apply to the 2-4 phonon range, it was not apparent whether it is
applicable for describing the small gaps of the 4113/2—)411 1/2—>419/2 relaxations. The main
manner in which we might expect the energy gap law to break down would involve a kind
of averaging effect where the relaxation rates would approach a limiting value. This
averaging might occur because the splitting among the crystal field levels of each 4
electronic state becomes comparable to the gaps between the 4I; states. As a consequence,
many relaxation sequences become possible between different pairs of crystal field levels
and this averaging causes the T2 and Tj35, lifetimes to become equal. This is the case
relating to the assignment of the T g values for an upper limit, as discussed above. On the
other hand, the assumption of full applicability for the energy gap law would naturally
provide a lower limit to the value of the 111, of the 411 12 level. The T112 value should be
less than the T quantity derived from the fits of Figures 2.5 and 2.6 since the *“I;1,~"Ion
energy gap is known to be typically ~200 cm! smaller than the “Ijz—"T;1/2 gap. In order to
calculate the lower limit we need to combine the Tes fitted value with the imposed
constraint of Ry in order to calculate the lower limit value. We have found through

extensive computer fittings of the data that we were able to devise a simple empirical

relationship between the effective lifetime T.sr and the pairs of Ti12, Tis values that
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minimized the 2 fitting error. We in fact found that the geometrical mean adequately

represents this relationship:

Tefr= VT2 X Ti32 (4a)

Using Eqgns. 3a and b to substitute for T13,; we then have
T2 = r——Teff
Rlife

On the basis of the above definition for 71,2 and the data in Table 2.1 along with

(4b)

the slopes derived from Figure 2.7 the lower limits are calculated and listed in Table 2.2
along with the corresponding “I;1,, energy gaps. The slopes for C-FAP and GSGG were
estimated using the phosphate and GGG data respectively. We did not calculate a lower
limit for SrF, and ZBLAN since the T lifetimes could not be accurately measured.

We reviewed the literature for corhparisons to other direct terminal level lifetime
measurements and we found data for the phosphate and silicate glasses and YLF that
compared well with our data. The gain saturation data taken by Yarema and Milam* for
the Nd-doped phosphate glass LG-750 and modeled by Bibeau et al.” with Eqn. 3 for the
saturation fluence, yielded a 7112 value of 280 + 100ps. In the gain recovery
measurements made by Martin and Milam®* for a Nd-doped silicate glass similar to LG-
660, they determined the lifetime to be 1250 + 200 ps from directly observing the gain
recovery after the passage of a saturating pulse. In a recent gain recovery experiment
conducted by Palombo and coworkers® they determined the lifetime to be approximately
20 ns for Nd:YLF. In comparison, our data on Nd:LG-750, LG-660 and YLF yielded
ranges of 250-450 ps, 535-750 ps and 10.5-20 ns respectively.v The luminescence decay
measurements made by Basiev and coworkers'” are of the nonradiative relaxation rate for
the 4G7p, level in Nd:YALO, GSGG, YAG, and YLF and represent an indirect method.
Their values yielded lifetimes that fall within our upper and lower 711> bounds for similar
sized gaps, with the exception of Nd:YAG, where their lifetime of 370 ps was longer than
our upper limit of 225 ps. Although our 73/, lower limits appear to be shorter than all the

above reported lifetimes, they nevertheless represent an improvement over the previous

levels of discrepancy encountered in the literature.
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2.6 Conclusion

We have directly measured the terminal level lifetime for several crystalline and
glassy materials using a novel pump (2.41 pm) and probe (1.06 pm) scheme. This method
allows us to infer the population decays from the s and *“Ijy; levels by measuring the
integrated 0.88 um emission signal. The time resolution of the population decays from
these two levels is achieved by plotting the integrated 0.88 pm signal as a function of the
time delay between the pump and probe pulses. As a consequence of directly pumping the
ground state population into the 4113/2 level, the data is found to be a function of both the
T132 and Ty lifetimes (the 4113/2 and 4111/2 levels respectively). Furthermore, since the
probe beam simultaneously excites two resonance transitions at the 1.06 pm wavelength,
" the ratio of cross sections for these transitions must also be considered (Gi12/C132).
Therefore, our computer model of the data primarily depends upon three independent
physical parameters: Ti3n, Ti12 and G112/C132. On the basis of our fitting ana]ysis
however, we set the 711, and T3 lifetimes to be equal to one another and defined an
effective lifetime ‘(1:11,2 = T13/2 = Tefr) that corresponds to the averaged energy gap for the
4113,2—)411 112 and 4111/2—)419/2 transitions. Therefore, the data uniquely determined only two
parameters. Through further analysis, we incorporated the gap law theory to account for
the ~200 cm-! smaller energy gap corresponding to the 411 1/2—>419/2 transition. This allows

us to estimate the difference between the 11,2 and Ti3/, lifetimes and establish upper and

lower limits for the 11, lifetime.

Based on comparisons with other data from the literature we found agreement
within a factor of two for the phosphate and silicate glasses, the oxide crystals of YALO,
GGG, and YAG, and the fluoride crystal, YLF. Our results seem to indicate that the
energy gap law is still valid for energy separations on the order of 1500 cm™. As is to be
expected, we did not see any neodymium concentration dependence on the lifetimes since
the time scales associated with inter-ion energy transfer processes are generally much
longer (microseconds) compared to the picosecond to nanosecond nonradiative relaxation

lifetimes measured here. The temperature dependence of Eqn. 3 in Chapter 1, is

dependent on the order of the process (p). With the exception of the fluoride materials,
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most of the materials investigated have p values that are less than 2 and therefore, we do
not expect to see any significant differences for the low temperature rates. In conclusion,
we have demonstrated a unique method of measuring the terminal level lifetime for
several important laser media and through our analysis have determined upper and lower

bounds for the 1;,; lifetime. Several examples of our experimental results include 115-

225 ps for Nd:YAG, 250-450 ps for Nd:L.G-750, and 10.5-20 ns for Nd:YLF.
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Appendix 2A
The absorption cross sections for the “I;1,—*Fa and “lizn—*Fap, *S3, transitions
(referred to as G112 and Gy3p, in text) were calculated using the Judd® and Ofelt’ method
of absorption intensity analysis for rare-earth ions. The Judd-Ofelt method can also used
to calculate radiative lifetimes and branching ratios once the linestrength, S(aJ:bJ’), for
the particular transition of interest has been determined. The expression utilized for the

absorption cross section calculation is shown below?:
_87 e’ A (n” +2)? S(al:bl")

(AD)
27chn (2J +1) A}"eff

where (2J+1) is the degeneracy of the initial state (aJ), AAeff is the effective linewidth of
the transition, A is the average wavelength of the transition, e, ¢, and h, are fundamental
physical constants, and n is the index of refraction at wavelength A. The linestrength can
be written as a sum of products in the form:
s@:bin= Y Q ><<aJ|]U(‘)“bJ'>2 (A2)
t=2,4,6

where the matrix elements (U®) represent the doubly reduced unit tensors operating
between the intermediate-coupled eigenstates (aJ) and (bJ’) of the free ion. The intensity
parameters €, will vary depending on the local environment and therefore they must be
experimentally determined for each host from a least squares fit of the measured and

calculated integrated absorption band strengths.

Using Eqns. Al and A2 , the ratio of cross sections can be written as:

O1ya _ 14 Mypp AN Spypp (A3)
Gz 12 Ay3p2 ANjys2 Syapn

with S112 =0.1423x Q4 +0.4083x Q¢ (12— Fap) (A4)
S132 =0.3314 X2 +0.3259 X Q¢ CLisn >'Fn. *S3n)  (AS)
where the (UY) elements in (A4) and (A5) were obtained from the literature for the

neodymium ion?’ and the 11/2 and 13/2 subscripts denote the identity of the initial (*I;i2

and 411 ap) state of the transition. The effective linewidths employed by Eqn. A3 have been
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inferred from the absorption spectra of the ground state (*Iy,) to the relevant final

electronic states (4F3/2 and 4F7/2, 453/2).
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Table 2.1 A summary table of fitted results and energy gap parameters: the effective lifetime
(T.gp), ratio of cross sections (G,,,/0,,,), averaged energy gap (AE,,,), effective phonon energy
(hv,), and normalized energy gap (p).

C112
Tetr Gy AE,,, hv ey p
Material Formula ®) ) (eml)  Aae
Vg

Phosphate

LG-750 P;05-AL05+... 450 14 1671 11007 1.52

APG-1 P,05-AL,04+... 380 17 1612 1100° 147

APG-x P,05-ALO5+... 375 15 1578 11007 143

APG-y P,05-A1,04+... 310 16 1606 11007 146

C-FAP Cag(POy)sF 200 5.0 12515 10801 116
Silicate

LG-660 8i0,-K,0-Zn0+... 740 2.0 1411 1000° 141

LG-650 Si0,-K,0+... 680 16 1375 1000° . 138

Sol-gel prep. Si0,-ALO, 350 3.0 1336 12001 111
Oxide

YALO YAIO, 1900 38 14646 75012 195

GSGG GdyScy(Ga0y); 1175 35 13477 742013 182

YAG Y3A1,(A10 ), 225 3.5 12736 86014 148
Fluoride

SrF, SrF, . >5ns 10 14678 36015 4.08

YLF LiYF, 20ns 1.0 15776 56016 2.82

ZBLAN ZrF ;-BaF,-AIF;-LaFy-NaF > 5ns 10 1615 580-17 278
Vanadate

YVO, YVO, 870 6.0 16265 94318 1.72
Fluorophosphate
LG-812 650,53002 3.0 1550 000! 155

(a) Cannot be fit to a single T ¢ value.
(b) Based on GGG phonon data.
(c) Based on ZBLN phonon data.
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Table 2.2 A summary table of the 7,,, upper and lower limits and corresponding energy gaps,
AE,;,,. The lower limit was established from an expression that included the slope (y), energy
difference (AE ), and ratio of lifetimes (7,,,/1,,,,) expected from the slope of the decay rate
versus energy gap plots.

T332 limits (ps)

¥ AEgirr Riige AEqp
Material 10-3 (em™) (em™) T3 % s Upper Lower (em™)
Phosphate .
LG-750 4.67 252 324 450 250 1545
APG-1 4.67 293 3.93 380 192 1465
APG-x 4.67 268 3.50 375 200 1444
APG-y 4.67 288 3.84 310 158 1462
C-FAP 4.67* 107 1.65 200 ~156 11975
Silicate
LG-660 4.11 - 158 1.91 740 535 1332
LG-650 4.11 140 1.78 680 510 1305
Si0, 4.11 170 2.01 350 247 1251
(Sol-gel prep.)
Oxide
YALO 6.75 223 4.50 1900 896 13526
GSGG 8.210 262 8.59 1175 ~401 12167
YAG 5.24 256 3.82 225 115 11456
Fluoride
SrF, — 216 —_ >5ns — 13598
YLF 6.01 214 3.62 20ns 10.5 14705
ZBLAN —_ 324 — >5ns — 1453
Vanadate
‘YVO4 4.81 205 2.68 870 531 15236

(a) Value estimated from phosphate glass data.
(b) Estimated from GSGG and GGG data combined.




36

4 4
F3/2 F3/2 I F3/2
—-
a 2.41 ym ¥ Ta 106 um \ 0.88 pm ~
Tisr2 Lisr2 Tys/2
4 / 4 4
13/2 13/2 13/2
4 A / . .
I‘l 112 / I",z I11/2
Lo Tom Top Y
Pump Probe Signal
(@ (b) (c)
d ®
2.41 pm pump Integrated ® .
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Figure 2.1 Illustration of the pump (2.41 pwm) and probe (1.06 pm) method employed in
our experiment. A 100 ps pump pulse is used to excite a fraction of the 4Ig;; ground state
population into the 4I;3/, level (a). After a time T4, a weak probe pulse then probes the
41j1/2 population by exciting a fraction of these ions to the upper 4Fs/ level (b). The
resulting 0.88 pm emission signal is then recorded and integrated (c). Experimentally, the
pump and probe beams are focused into the sample with a detector placed on the side to
record the 0.88 wm emission signal (d). Therefore, as the 4I;1/; population returns back
down to the 4o, ground state, the relative integrated 0.88 pum signal strength will
decrease and enable us to infer the 711/, lifetime (e). '




37

" Trigger )
Coherent Mode Locked Nd:YAG Laser

76 MHz, 21 W @ 1.06 pm Computer
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Figure 2.2 Detailed schematic of the experimental arrangement used to measure the
terminal level lifetime. A 100 ps pulse is first passed through a ~ 20/80 beamsplitter. The
more energetic, transmitted beam is focused into a high pressure H; Raman cell where
9% of the incident 1.06 pm energy is converted to the first Stokes frequency at 1.91 pm.
The 1.91 pum light is then combined with the 1.06 pm light from the upper path into a
LiNbOj crystal to generate ~ 0.5 mJ of 2.41 um energy. A prism separates the 2.41 pm
(pump) from the 1.06 pm (probe) beams so that the 1.06 um beam can be sent into a
computer controlled variable delay line. The pump and probe beams are then focused into
the sample with a PMT detector placed on the side to record the 0.88 pm signal (Soss).
The 1.06 pm reference detector (Rj0s) and the 2.41 pm reference detector (R;41) also
shown are used to correct for the 4I;1/; thermal population and energy fluctuations in the
1.06 um and 2.41 pum energies. All of the signals (Soss, Ri.0s, and Rz 41) are electronically
sent into the boxcars integrators and then to the computer where the data is stored for post
analysis.




38

4 4
Frr0 "Sap =
Fgpmr 2H :
5/20 Mgp N,
F ' v
|
S11p2 :613/2 Ty
|
|
Lisp ;
-4
Lisp I N,(t)
4111/2 ) N, (t)
4 So T "
Igp No(®)
Ipump(t) Iprobe(t) 0.88 ym
emission

Figure 2.3 A more detailed diagram of the Nd energy levels showing the additional
resonance (dashed line) excited by the 1.06 pm probe beam. The diagram also identifies
the populations: Ny, N;, N3, and N,, used in the rate equations for the modeling of the
data.
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Figure 2.4 (a) A plot of the relative fitting error, %2 of LG-750 as a function of the ratio
of lifetimes, T132/T112, and (b) a plot of the ratio of cross sections, Gji2/C13p, as a
function of the ratio of lifetimes, T3/2/T11/2. The gray band in (a) is based on the maximum
allowable fitting error. The gray band in (b) is based on the factor of two uncertainty in
the independent calculation of the ratio cross sections using the Judd-Ofelt analysis. The
gap-law theory assumes a decrease in the nonradiative rate with increasing energy gap
and therefore, since the 4111,2—-419/2 gap is always ~ 200 cm’! smaller than the 4113,2——4111,2
gap, the ratio of lifetimes should be greater than one (vertical dashed line). ’
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Figure 2.5 The data (---) and model (—) are shown for eight of the glasses investigated.
The effective lifetimes corresponding to the averaged energy gap are listed. The higher
phonon frequencies of the LG-series phosphates lead to shorter lifetimes compared to the
LG-series silicates
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Figure 2.6 The data (--) and model (—) are shown for six of the crystals investigated.
The effective lifetimes corresponding to the averaged energy gap are listed. The small
energy gaps and high effective phonon frequencies lead to the short lifetimes (~200 ps)
measured for the Y3Al5012 (YAG) and Cas(PO4)sF (C-FAP) crystals.
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crystals and glasses that includes the present work and others along with a best fit line

through the data (—).




43

Chapter 2 References

'G. E. Forsythe, M. A. Malcolm, and C. B. Moler, Computer Methods for Mathematical
Computations, pg. 129, (Prentice-Hall, Inc., New Jersey, 1977)

’B. R. Judd, “Optical absorption intensities of rare-earth ions,” Phys. Rev 127, 750
(1962).

3G. S. Ofelt, “Intensities of crystal spectra of rare-earth ions,” J. of Chem. Phys. 37, 511
(1962).

L M. Thomas, S. A. Payne and G. D. Wilke, “Optical properties and laser demonstration
of Nd-doped sol-gel silica glasses,” Journal of Non-Crystalline Solids 151, 183 (1992).
5G. V. Maksimova and A. A. Sobol, “Nd3+ Optical centers in crystals of calcium and
strontium fluorophosphates,” Proceedings of the P. N. Lebedev Physics Institute 60, 59
(1974).

°K. A. Gschneidner, Jr. and L. Eyring, Handbook on the Physics and Chemistry of Rare
Earths §, Chap. 46, (North-Holland, New York, 1982).

’J. B. Gruber, M. E. Hills, C. A. Morrison , G. A. Turner, and M. R. Kokta, “Absorption
spectra and energy levels of Gd3+, Nd3+, and Cr’* in the garnet GdsSc,Gaz;0q,,” Phys.
Rev. B, 37, 8564 (1988).

%Y. E. Kariss, M. N. Tolstoi, and P. P. Feofilov, “On the luminescence and absorption of
trivalent neodymium in crystals of the fluorite type,” Opt. Spectrosc. 18, 247 (1965).
°C.B. Layne, W. H. Lowdermilk, and M. J. Weber, “Multiphonon relaxation of rare-earth
ions in oxide glasses,” Phys. Rev. B 16, 10 (1977).

g R. Levitt , K. C. Blakeslee, and R. A. Condrate, Sr., “Infrared spectra and laser-
Raman spectra of several apatites,” Memoires de la Societe Royal des Sciences de Liege
5, 121 (1970).

) Heiman, R. W. Hellwarth, and D. S. Hamilton, “Raman scattering and nonlinear
refractive index measurements of optical glasses,” J. Non-Crystalline Solids 34, 63
(1979).

M. J. Weber, “Multiphonon relaxation of rare-earth ions in yttrium orthoaluminate,”
Phys. Rev. B 8, 54 (1973).

Bp. Zhang, Y. Liu, and Y. Mo, “The Raman spectrum of single crystal GdsGasOi,,”
Chinese Phys. 4, 530 (1984).

My p. Hurrell, S. P. S. Porto, I. F. Chang, S. S. Mitra, and R. P. Bauman, “Optical
phonons of yttrium aluminum garnet,” Phys. Rev. 173, 851 (1968).

], Richman, “Vibronic Spectra of SrF»:Sm®* and BaF,:Sm”*,” Phys. Rev. 133, A1364
(1964).

165, A. Miller, H. E. Rast, and H. H. Caspers, “Lattice Vibrations of LiYF,,” J. Chem.
Phys. 52, 4172 (1970). _

E. B. Sveshnikova, A. A. Stroganov, and L. N. Urusovskaya, “Mechanism of
nonradiative transitions in rare-earth ions in fluorozirconate bases,” Opt. Spectrosc.
(USSR) 63 (5), 618 (1987).

¥ D. Reed Jr., and H. W. Moos, “Multiphonon relaxation of excited states of rare-earth
jons in YVOu, YAsOy4, and YPO,,” Phys. Rev. B 8, 980 (1973).




T, T. Basiev, A. Y. Dergachev, Y. V. Orlovskii, and A. M. Prokhorov, Multiphonon
nonradiative relaxation from high-lying levels of Nd** ions in fluoride and oxide laser
materials,” OSA Proceedings on Advanced Solid-State Lasers 10, 358 (1991).

0G. M. Zverev, G. Ya. Kolodnyi, and A. M. Onishchenko, “Nonradiative transitions
between levels of trivalent rare-earth ions in yttrium-aluminum garnet crystals,” Sov.
Phys. - JETP 33, 497 (1971).

A M. Tkachuk, A. V. Khilko, and M. V. Petrov, “Probabilities for nonradiative
intermultiplet transitions in the holmium ion in lithium-yttrium double fluoride crystals
and stimulated emission,” Opt. Spectrosc. (USSR), 58 (2), 216 (1985).

22§, M. Yarema and D. Milam, “Gain saturation in phosphate laser glasses,” IEEE J.
Quantum Electron. QE-18, 1941 (1982).

2C. Bibeau, J. B. Trenholme, and S. A. Payne, “Pulse Length and terminal level lifetime
dependence of energy extraction for neodymium doped phosphate amplifier glass,”
Submitted to the IEEE J. of Quantum Electron.

**W. E. Martin and D. Milam, “Direct measurement of gain recovery in a saturated Nd-
glass amplifier,” Appl. Phys. Lett. 32, 816 (1978).

K. Palombo, S. Matthews, S. Sheldrake, and D. Capps, “Determination of the effective
lower level lifetime for Nd:YLF and Nd:YAG through experimental measurement and
computer modeling,” OSA Proceedings on Advanced Solid-State Lasers 15, 78 (1993).
*W. F. Krupke, “Induced-emission cross sections in neodymium laser glasses,” IEEE J.
Quantum Electron. QE-10, 450 (1974).

*"W. T. Carnall, H. Crosswhite, and H. M. Crosswhite, Energy level structure and
transition probabilities of the trivalent lanthanides in LaF3; (Argonne National
Laboratory, Argonne, I11.).




45

Chapter 3
Measurements of the nonradiative lifetime (t7,2) for the 4G,,—5%Gs),,2G, transition

in 30 Nd-doped crystals and glasses

3.1 Introduction

In the previous chapter, we presented a new expen'mehtal method to measure the
temporal evolution of the neodymium population for the *“I112—*Ioy, transition in several
glasses and crystals. Although this method is more accurate and direct than most other
experimental techniques, our pump-probe method utilizes a complex experimental
arrangement and requires a detailed numerical analysis of the data to determine the value
of the terminal level lifetime. In this chapter, we are primarily interested in investigating a
simpler approach for inferring the value of the terminal level lifetime. This simpler, but
indirect method, involves measuring the nonradiative lifetime for the 4G/,—*Gy5, %G
transition, since this particular transition happens to have a similar sized energy gap as the
41,,,—%Ly,, transition in most Nd-doped materials (Figure 3.1). If the energy gap law'?
(discussed in Chapter 1) is assumed to be valid, then the values of the t,, and 7,
lifetimes corresponding to these transitions should also be similar, thus allowing one to
perform an easier experiment in order to predict the terminal level lifetime.

In the experiment, the neodymium ions are excited from the ground state to the
4G,, level with the frequency doubled output of a 1 um laser. The resulting emission
signal from the 4G,,, level provides a direct measure of the 1,, lifetime because the decay
rate of the emission signal will be largely dominated by the 4G;,—4Gs);,2G7p
nonradiative rate (Wp=1/T72):

Wiignal = Wior + Wrag = Wiy since Wy, >> Wiag )]
The energy level diagram for the pumping and emission processes are shown in Figure
3.1. After exciting the ground state Nd-ions with the 532 nm pump beam, the ~600 nm
emission signal corresponding to the 4G;,—*I;;, transition is recorded. In our

experimental setup we chose a technique suitable for measuring time resolved emission

spectra characterized by weak signal levels and/or picosecond lifetimes, called time-
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correlated single photon counting®. We employed the single-photon counting method for
all of the samples investigated except for the fluoride materials. A combination of the
high repetition rate of the laser (76 MHz) and the long lifetimes (ns) of the fluoride
materials required the use of an alternative technique. We will first discuss the
experimental arrangement, data, and results from the photon-counting method followed
by a similar discussion for the time resolved emission measurements for the fluoride
materials. We will conclude this chapter with a comparison of the results obtained from
the indirect photon-counting experiments and the direct pump-probe experiments (Chap.
2). We will show that the results are very similar for most of the materials investigated
thus offering validation for an alternative approach to determining the terminal level

lifetime. In addition, this comparison implies that the lower limit of T.g from Chapter 2 is

a more appropriate assessment of the *I11, lifetime.

3.2 Time-correlated single photon counting ef(perimental arrangement

Figure 3.2 illustrates an experimental scheme for measuring the 17, lifetime with
a time-correlated single photon counting system. The frequency doubled output of a
Coherent mode locked Nd:YAG laser produced 1W of 532 nm light with 2 ~90 ps pulse
width (1/e) and operated at a repetition rate of 76 MHz. The samples were illuminated
with 532 nm light and the fluorescence at the ~600 nm wavelength for the G, emission
was detected at the output of a monochromator with a multichannel plate photomultiplier-
tube (MCP-PMT) from Hamamatsu (Model 1564-07). The electronic signal from the
MCP-PMT was amplified with a high bandwidth amplifier from Phillips Scientific
(Model 6954 B-100). ‘

In principle, the entire intensity versus time distribution could be recorded for the
*Gyp—*111p transition with a single 532 nm excitation pulse. However, the weak signal
levels coupled with the picosecond time scales would place stringent specifications on the
time resolution and sensitivity of the detector. We chose to use a method called time-
correlated single photon counting. This method uses the high repetition rate of the laser
system to build up the emission signal after many excitation pulses. Eventually, the

emission signal can be reproduced with very high temporal resolution (a decay resolution
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of 3 ps has been reported*). This technique is based on the concept that the probability
distribution for the emission of a single photon after excitation is also the intensity versus
time distribution of all the photons emitted as a result of the excitation. Therefore, by
measuring the time at which a single photon emitted for a large number of excitation
events allows the experiment to eventually construct the full probability distribution’.

We will next describe the sequence of electronic events. The MCP-PMT is used
to monitor the arrival of the first photon emitted after the sample has been excited. From
the single photon event, the MCP-PMT is able to generate an electronic sighal known as
the start pulse. The electronic start pulse is sent into the time-to-amplitude converter
(TAC) and initiates the charging of a capacitor. However, since amplitude fluctuations in
the start pulse can result in timing jitter, the start pulse is preconditioned by a constant
fraction discriminator (CFD, Ortec Model 9307) before it is sent into the TAC. The CFD
is able to output a TTL (transistor-transistor logic) signal with a precisely timed leading
edge that is independent of the amplitude fluctuations.

The 532 nm pulse from the second path is time delayed and sent into a fast silicon
photodetector from Electro-Optics Technology (Model ET-2000). The output from the
silicon detector is also sent into the CFD and is used to stop the charging of the capacitor
in the TAC. The amount of charge stored on the capacitor is proportional to the time
interval (At) between the start and stop pulses. The TAC outputs an electronic pulse with
an amplitude (A) that is directly proportional to the stored charge on the capacitor and
thus At. The multichannel buffer (MCB, Ortec model 917) performs an analog to digital
conversion of this pulse and increments the count in one of its segmented memory
channels. The internal buffer of the MCB is segrriented into several channels or storage
bins so that the MCB is able keep a running count of the different pulse amplitudes
generated from the TAC. The storage bins that have the largest number of counts will
correspond to the peak of the fluorescence shape since there is a higher probability of
detecting a photon immediately after excitation of the sample. The above sequence of

events is repeated until an adequate number of single photon events have been sampled to

accurately reconstruct the emission signal.
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3.3 Data analysis and results

The data is shown in Figures 3.3-3.6 where the numerical model of the
population kinetics is shown as the overlaid solid curve. In our kinetic model we include
the 7> and 15, lifetimes of the *G7,—*1;1, and *Gspp,’G7,—*1o; transitions respectively,
since both transitions give rise to a resonant emission signal at ~600 nm (Figure 3.7). We
I will denote the 4G5/2,2G7/2 level with a single 5/2 subscript throughout the text. The rate

equations for the kinetic model are:

dN,, Ny Toum
72 _ -7 + N9/20-o pump (2)
dt T2 V532
dNs» _ Ng;p  Nsp
dt Ty Tsp

3)

where we assume the lower level populations to be virtually unchanged by the pump
beam:

N2 = constant “4)
and Ny, = constant 5)
The recorded signal will be directly proportional to the cross section of the transition ()

multiplied by the solutions for the population densities (N) from the equations above:

Lignal == (67/2N7/2 +65,N5/2) (6)
Os2

or oc (Nm +—N5/2J (7)
: G172

The ratio of cross sections (O0s5»/07,2) is estimated from the of the Judd-Ofelt analysis
described in Appendix 3A at the end of this chapter. We were able to record the temporal
shape of the pump beam by allowing a small amount of light to pass through the
monochromator and into the MCP-PMT. The recorded shape was fit to an asymmetric
Gaussian as shown in Figure 3.8 and substituted into Iyump in Eqn. 2.

The nonradiative lifetimes (T7, and 7Tsp) derived from the kinetic analysis, the

corresponding energy gaps, AE;» and AEs;, the calculated ratio of cross sections

(0s52/072), and the effective or highest phonon frequencies are all listed in Table 3.1.

Based on an analysis of the best fit to the data, the uncertainty in the value of the 17
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lifetimes is AT (<1 ns) = £ 50 ps for data with lifetimes less than 1 ns and Aty (>1 ns)
= 1 200 ps for data with lifetimes greater than 1 ns. We also list the Ts;, lifetimes for
completeness. However, these lifetimes are known with less certainty, since for some of
the materials, the Ts,; lifetimes were less than the width of the pump pulse thus making an
accurate evaluation difficult. Therefore, we choose to emphasize the results of the 17

lifetimes.

In comparing the values of the 717, lifetimes among the various materials
investigated we found that the phosphate and silicate glasses both exhibit very short
lifetimes (~200 ps) due to the high phonon frequencies present in the host materials
(1000-1100 cm™). However, the fluorophosphate glass, LG-812, was shown to have a
combination of a shorter lifetime (<1 ns) and a longer lifetime (>1 ns) present in the
emission signal. As a consequence, we were not able to fit the data to the kinetic model
described in Eqn. 7 and so only the raw data is plotted. Because of the mixed glass
composition, the Nd ion is surrounded by beth high frequency phosphate complexes and
low frequency fluoride complexes which could explain the presence of the two different
decay rates. And therefore, a alternative physical model is needed to properly analyze the
| data.

Within the group of oxide crystals, (which includes two additional materials
beyond those studied in Chapter 2: GGG (Gd3GasO;2) and LLGG (LasLu,Ga30y;), we
found that YAG still exhibits the shortest lifetime due the small energy gap and high
phonon frequencies. In addition, we found that several of our oxide data agree to within a
factor of two with the results recently obtained from Basiev et al.’ using a similar
technique where they reported 370 ps for YAG, 1400 ps for YALO, and 880 ps for GGG
compared to our results of 200 ps, 1090 ps and 530 ps respectively (chemical formulae
are Y3Als012, YAIOs;, and Gd;GasOj, respectively). A possible explanation for the
differences in the results could arise from the inclusion of the Ts, lifetime in our data
analysis to account for the resonant emission signal. We also investigated a tungstate
(CaWQ,) whose lifetime of 510 ps was similar to the lifetime reported (550 ps) for the
structurally related compound CaMoQ4 by Basiev et al.’ It is interesting to note that both
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materials have similar energy gaps and effective phonon frequencies thus giving rise to
similar values of p = 1.6. (Recall from Chapter 1 that the nonradiative rate is
exponentially dependent on the order of the process, p=AEgap/hvesr). We also looked at a
series of apatites of which C-FAP, exhibited the shortest nonradiative lifetime (70 ps)
measured and reported in the literature thus far. We found that within the group of
apatites, the fluorophosphates: C-FAP (Cas(POy)s;F) and S-FAP (Srs(POs)sF) exhibited
shorter lifetimes than the fluorovanadates: S-VAP (Srs(VO4)3F) and C-VAP
(Cas(VOy4)sF) and the chlorovanadate, Sr(VO,);Cl, possibly due to the higher phonon
frequencies found in the PO, phosphate complexes compared to the VO4 complexes.
However, we note that within the group of fluoro- and chloro-vanadates studied, C-VAP
(Cas(VO4)3F) has a significantly shorter lifetime than both S-VAP (Sr5(VO4)sF), and
Sr(VO4)sCl, indicating that the crystal-field coupling could be stronger between the Nd
ion and the C-VAP host which would allow the nonradiative transfer of energy
(Nd—host) to occur at a faster rate. The doping levels for the crystalline materials
investigated roughly ranged from 0.1-2% whereas for the glasses, the concentrations
ranged from ~2-5 weight %.

In addition to measuring the Ty, lifetime for a number of materials, we also
measured the temperature dependence of the 17, lifetime in two glasses: LG-750 and
LG-812 (Figure 3.9). The measured 17, lifetime for LG-750 at room temperature was at
found to be 228 ps and did not significantly change when the temperature was decreased
from room temperature to 18.3 K (200 ps). The apparent shortening of the 17/, lifetime
between 295 K and 18.3 K indicates that the lowest Stark level, on average, has a
predominately shorter lifetime than the nonradiative transitions originating from the
higher lying Stark levels. Previous temperature dependent measurements of the
nonradiative lifetimes for Er and Ho:YAsO4 and Ho:YVO, have also shown a similar
temperature dependence. The data was modeled by modifying the energy gap law

expression to include the thermal populations of the Stark levels and allowing the

possibility of phonons of different energies be used in the model.®
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For the fluorophosphate glass, LG-812, we found that as the temperature was
lowered to 18.3 K, the lifetime of the emission signal became significantly shorter. In
fact, the low temperature data exhibited an exponential decay lifetime (230 ps) very
similar to that of LG-750 (200 ps). The model is shown as the solid curve in Figure 3.9.
One possible explanation of this observation is that as the temperature is lowered, the
energy levels of the medium are shifted in such a way that the pump beam no longer
excites the Nd ions surrounded largely by fluoride anions but instead predominately
excites the higher frequency phosphate complexes thus giving rise to the faster decay rate.

During our attempts to measure the T, lifetime for the fluoride materials using
the photon counting technique, we found that the longer lifetimes (nanoseconds) and the
high repetition rate of the laser (13 ns window between pulses) prevented us from
accurately measuring the decay signals. This is because the emission signal does not
completely decay to zero before the next excitation pulse arrives, so that photons which
were emitted from the initial excitation can act as a false start signal for the following
excitation. In order to operate the photon counting system properly, it is important that the
start and stop pulses originate from the same laser pulse. Because we were not able to
reduce the repetition rate of our laser system, we designed an alternative experiment for

the fluoride materials.

3.4 Time resolved emission measurements (fluoride materials)

The nanosecond time-scale experimental scheme is shown in Figure 3.10. A JK
Q-switched Nd:YAG laser (Model HY-750) operating at 10 Hz was frequency doubled to
produce output pulses of ~500 mJ at 532 nanometers. The light was focused into the
sample with a 35 cm focus lens. The ~600 nm emission was collected at the side of the
sample with a 2.5 cm diameters lens with a focal length of 5 cm. The image was then
magnified and relayed to the monochromator (Digikrom 240) slit entrance with a 10 cm
lens to match the f/4 optical system with the monochromator. Depending on the signal
level, the slit width ranged from ~100-200 pm. A narrowband filter (Melles Griot
03F1V046) was placed at the slit entrance to block out unwanted frequencies and a MCP-

PMT (Hamamatsu 1564-07) detector was placed at the output of the monochromator
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(similar to the detector used in Figure 3.2). A LeCroy oscilloscope (Model 9306) was
used to capture the entire emission signal after one excitation pulse. However, since the
emission signal levels were very low (1-20 mV at the peak), we chose to average 10,000
emission signals for each sample. The LeCroy oscilloscope has a built-in option that
allows the incoming signals to be internally stored and averaged before the data is

transferred onto a storage disk.

3.5 Data analysis and results

The data for the fluoride glass and crystals are shown in Figures 3.11 and 3.12.
The numerical model is shown as the solid line and the data is shown with open circles.
The kinetic population rate equation used to model the data includes information about
the 17/, lifetime only, since the long length of the pump pulse width (~12 ns FWHM) did
not allow us to deconvolve the 75, lifetime from the data. The equation used for the
analysis is simply:

Lpump (8)
dt T2 Vs32

where we assume that the lower level population remaﬁns approximately constant:
Ny, = constant &)

The temporal shape of the pump pulse was recorded (Figure 3.13) by allowing a small
amount of light to pass through the monochromator (20 pm slit width) and into the
detector. Because of the irregular shape, we used the actual data as the pump shape, Lyump,
within the numerical model. The 77, lifetimes are listed in Table 3.2. Based on an
analysis of the best fit to the data, the unceﬂainty in the value of the lifetimes is ATy
(<10 ns) = % 1ns for data with lifetimes less than 10 ns and A1, =t 2 ns for the ZBLAN

and YF; data. All of the data exhibited a single exponential decay with the exception of
LaF; where the data could only be fit to a two Nd-ion site model. Two uncoupled rate

equations were used to model the data:

sitel sitel
dN7 __Nip

I
+Ng/,09 ; P (10)
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NS N T an
dt T hvss,
The resulting emission signal would then include information about both of the Nd
enﬁronments:
Ligna = N3/3 +YN55? (12)

The best fit to the data yielded 17, = 41 ns for site 1, 77, = 3 ns for site 2, and Y= 8. The
uncertainty in the lifetimes derived from this model are approximately + 50% since the
exact value of the “y” parameter is unknown. The value of the parameter v, indicates that
the emission from the second environment is eight times stronger than the first. The room
temperature lifetime measured by Basiev et al.” for LaF; was 172 = 56.4 ns. Although the
publication did not report a nonexponential decay for LaF; it is possible that the relatively
fast decay of the second site (3 ns) was not time resolved since the length of the excitation
pulses used were over thre.c times as long (10 ns). However, they did observe two
different exponential decay rates in CaF, and SrF, at 77 K and attributed the observation
to two or more environments surrounding the Nd ion. Finally the results from the same
publication yielded 72 = 8.4 ns for YLF at room temperature compared to our value of
9.1 ns. The effective phonon frequencies (hveg) are also listed in Table 3.2 and appear to
be 1.5-2 times smaller than those listed in Table 3.1 and therefore, as predicted from the
energy gap law, the data for the fluoride materials exhibit longer lifetimes since the

number of phonons needed to bridge the energy gap is greater.

3.6 Comparison of the pump-probe and emission methods and best assessment of
the terminal level lifetime for 15 Nd-doped crystals and glasses

We have just described two independent experiments for measuring the T
lifetime in a number of Nd-doped materials. In the introduction we stated that the purpose

of measuring the 17/, lifetime was to eventually compare its value with the terminal level

lifetime (T1112) obtained from the direct pump-probe experiments described in Chapter 2

and explore whether the methods discussed above for measuring the 17, lifetime are
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sufficiently accurate for inferring the 711, lifetime of most Nd-doped laser materials.
Recall from the introduction that the 4G7/2—>4G5,2,2G7,2 energy gap is nearly the same as
the 41, ,,,~4Iy/; gap, and is therefore expected to experience a similar relaxation time. The
lifetime data for thirteen different Nd-doped laser materials taken from the pump-probe
(Chapter 2) and the emission experiments discussed in this chapter are listed in Table
3.3. In Figure 3.14 the lower limit of the direct pump-probe data is plotted against the
lifetime from the indirect emission method. A line representing the best fit to the data of
the form y = mx is shown. Ideally if both methods yielded the same results then the slope,
m, would be equal to one. However, the best fit produced a slope of 1.15 which suggests
that the simpler indirect method can be used to determine the terminal level lifetime
within a factor of two provided that the excitation pulses are short enough and the
detectors and electronics have the required sensitivity and resolution. It is important to
note that the piot of Figure 3.14 implies that the lower limit of the pump-probe data more

closely represents the actual i1/, lifetime. We call additional support for this assessment

in Chapter 6 where we determine T;12, from a third independent measurement for the
phosphate glass LG-750.

The rightmost column of Table 3.3 lists our best assessment of the terminal level
lifetime from the two approaches. In comparing the lifetimes of the various groups of
materials we find that the phosphate glasses have a factor of two shorter lifetime than the
silicate glasses. This is primarily due to the high phonon frequencies of the network
forming PO, complexes in the phosphate host, compared to the relatively lower phonon
frequencies of the SiO, complexes in the silicate glasses. The shortest lifetime measured
was from the phosphate crystal, C-FAP. This material has both high phonon frequencies
and a small energy gap. Within the oxide crystals, we find that Nd:YAG has the shortest

lifetime and correspondingly the smallest energy gap. And finally as expected, we find

that for the fluoride materials, including Nd:YLF, the relatively low 300-600 cm! phonon

frequencies give rise to slower (nanosecond) lifetimes.
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3.7 Conclusion

We measured the Ty, lifetime for the *Grp—*Gsp,’Gyp, transition in 30 Nd-doped
materials using a time-correlated single photon counting method and a time resolved
fluorescence measurement. We then compared the 17, lifetime with the terminal level
lifetime data (T112) described in Chapter 2. This comparison was made since the energy
gap of the 4G7/2—>4G5/2,2G7/2 transition is similar to the 4111/2-—)419/2 transition and therefore
the measured lifetimes should also be similar based on the form of the energy gap law.
We found that the 1, lifetime was within a factor of two of the terminal level lifetime
(T112) for the 4111,2—>419/2 transition for most Nd-doped materials. Based on the best data
of the two measurements we listed our best assessment of the terminal level lifetime for
15 Nd-doped materials. In addition, we measured the temperature dependence of the
phosphate glass, L.G-750, (a glass used in the Nova amplifiers and similar to a glass
proposed for the National Ignition Facility), and found the 17, lifetime to only weakly
depend on the temperature. However, the lifetime for the fluorophosphate glass, LG-812,

significantly changed and approached the value of the phosphate glass at low

temperatures.
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Appendix 3A

The emission cross sections for the 4G7/2——)4Iu/2 and 4G5/2,2G7/2~—>419/2 transitions
were calculated using the Judd’ and Ofelt® method of absorption intensity analysis for
rare-earth ions. The following derivation is similar to that described in the Appendix 2A
of Chapter 2. Recall that the expression utilized for the absorption cross section

calculation can be written as’;

3.2 2 2 T
c=8n e A (n“+2)° S(al:bl") (AD)
27chn (2T+1) Axeff

where (2J+1) is the degeneracy of the initial state (aJ), AA.s is the effective linewidth of
the transition, A is the average wavelength of the transition, €, c, and h, are fundamental
physical constants, and n is the index of refraction at wavelength A. The linestrength can
be written as a sum of products in the form:
@by = 3 9, x(aJNU(‘>NbJ'>2 (A2)
t=2,4.6

where the matrix elements (U®) represent the doubly reduced unit tensors operating
between the intermediate-coupled eigenstates (aJ) and (bJ’) of the free ion. The intensity
parameters, £2;, will vary depending on the local environment and therefore they must be
experimentally determined for each host from a least squares fit of the measured and
calculated integrated absorption band strengths.

Recalling that in the high temperature limit, 6, = g,/g,0, , where g, and g, is the
degeneracy of the upper and lower levels respectively, we can use Eqns. Al and A2, to

derive the emission cross section for the 4G7/2—>411 12 transition, which can be written as:

8m3e? A (n2+2)?) S(*G.,, T
57/2=( ( ) (G L) (A3)

27 chn Ak g 8

However, for the 4G5/2,2G7,2—>419,2 transition, since the initial state is a combination of

two states, we take a linear combination of the linestrengths as follows:

_[8m3e? A (n?+2)? S(*Gsp:t o)) SCGytIg)0)
Ospp = f; +1,

J (Ad)

27 chn A 4 8
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where f; and f, are the fractional occupation numbers of the electronic levels in the high

temperature limit and defined in terms of the degeneracy (g) of the levels.

4
fl — - g( G5/22) (AS)
g("Gsn) +8(°Gypn)
2
and f, = ——£C ) (A6)
g("Gspp)+8(°Gyp)

where for simplicity we enumerate the total cross section with a 5/2 subscript. The

linestrengths used in the calculation are:

S(*Gp*1yy2) = 0.6684 x Q, +0.1075x Q4 +0.0099%x Qg (*Gro—"Ti1) (A7)
S(*Gs/p:*1g/y) = 0.8975% Qy +0.4126 X Q, +0.0346X Q¢ (“Gsn—*Ton) (A8)
SCGyp:*19/5) = 0.0707xQ, +0.1720x Q4 +0.0274x Q¢ (CGr—"Ton) (A9)

where the (UY) elements in A7-A9 were obtained from Ref. 10 for the neodymium ion.
The intensity parameters €2, are host dependent and will vary for each medium. We

assume that the effective linewidths employed by Eqns. A3 and A4 are assumed to be

similar and thus cancel out when the ratio of the cross sections, Os»/C7,, 1s taken

(Eqn. 7).
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Table 3.1 List of 175 and 7Ts, lifetimes of oxides measured from the photon-counting

experiment.

Material Formula T AE,, T® | AEsp Os2/Or hvey

lifetime (cm"l) lifetime (cm'l) (cm'l)
(ps) (ps)

Phesphate

glasses

LG-750 P,0,-AL,0s,... 228 ~1442 40 _ 1.19 1100?

APG-1 P,0,-AL0s,... 215 ~1442° 30 _ 1.23 1100°

APG-x P,0,-Al,0s,... 210 ~1442° 30 _ 1.07 1100°

APG-y P,0,-AL0s,... 150 ~1442° 30 _ 1.08 1100°

Silicate

glasses

LG-660 Si0,-K,0+... 215 ~1090 25 _ 1.12 1000°

LG-650 Si0,-K;0+... 210 ~1090* 10 _ 1.04 1000°

Sol-gel Si0,-Al,0; 245 _ 50 _ 0.999 1200"

Vanadate | YVO, 190 15042 125 1117% 1.09" 943

Tungstate | CaWO, 510 1467" 260 948" ~1.32° 912"

Oxides

YALO YAIO; 1090 139212 130 868" 1.77¢ 750"

GSGG GdsSc,Gas0pp 715 1211% 215 800 2.11° 7428

YAG Y;ALOq, 200 1148 55 730" 2.14% 860%°

GGG Gd3GasOy, 530 1217% 100 879% 3.15% 7427

LLGG La;Lu,Ga;0, 1200 1239% 240 8222 1.94% _

Apatites

C-FAP Cas(PO,);F 70 1141% 10 715% ~1% 1080%

S-FAP Srs(PO,);F 175 1081% 20 741% ~1% -

C-VAP Cas(VO);F 200 - 60 _ ~1f _

S-VAP Srs(VO,)sF 330 1224~ 20 _ 1.05% _

Srs(V0,);Cl | Srs(VO,);Cl 380 _ 200 _ ~1f _

(a) Tsy; lifetime is inferred from numerical analysis.
(b) The ratio of cross sections (Gs;/G7p,) is calculated from a Judd-Ofelt analysis, whereas

the 172 and Tss; lifetimes are determined from a best fit to the data.

(c) Energy gap is assumed to be similar to the measured gap of LG-750.
(d) Energy gap is assumed to be similar to the measured gap of LG-660.
(e) Ratio of cross sections estimated from YLF data.

() Ratio of cross sections estimated from S-VAP data.

(g) Effective phonon frequency estimated from GGG data.

(h) *Ty10~"To/2 energy gap is listed since data for the *Gr="Gs12, G energy gap could not

be found.
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Table 3.2 List of the Ty, lifetimes of fluorides from the emission experiments in addition
to the corresponding energy gaps (AEj;) and effective phonon frequencies (hves) if

known.

Material Tin AE;, hver

lifetime (cm™) (ecm™)
(ns)

Fluoride

glass

ZBLAN 18 - 5807

(Zrs-BaF,-AlF;-

LaF;-NaF)

Fluoride

crystals

LiYF, 9.1 1381 | 560

Na;Sc;LisFy, 4 - -

KY3Fjo (1659)° -

YF, 22 (1556)° -

StF, 7 1530° 360*

BaF, 3.8 - 321*

SrBaF, 4.2 . S

CaF, 6.2 (1061-) | 525°

(1233)%¢
LaF; 41,3)* | 15422 | 414%

(a) A two Nd-ion site description was necessary to model the nonexponential decay found

in LaF;. The longer lifetime is consistent with measurements made in Ref. 5.

(b) 4111/2—419/2 energy gap is listed since data for the 4G7/2—4G5/2,2G7/2 energy gap could not

be found.

(c) First value is for the Type II site symmetry, second value is for the Type I site

symmetry.
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Table 3.3 Results from the direct, pump-probe measurements and the indirect, emission
measurements. The right most column lists our best assessment of the terminal level

lifetimes.
Material lifetime lifetime |Best assessment
Tun Tin of terminal level
(ps) (ps) lifetime
(ps)
Phosphate
glasses :
LG-750 250-450 228 250*
APG-1 192-380 215 192°
APG-x 200-375 210 200°
APG-y 158-310 150 158*
Phosphate
crystal
C-FAP (156-200) 70 70°
Silicate
glasses .
LG-660 535-740 215 535°¢
LG-650 510-689 210 510°
SOL-GEL 247-350 245 247°
Oxides
YAG 115-225 200 200°
YALO 896-1900 1090 1090°
GSGG (401-1175)| 715 715°
Vanadate
YVO, 531-870 190 531¢
Fluorides
YLF 10.5-20 ns 9.1 ns 9.1 ns®
SrF, >5 ns 7 ns 7 ns®
Fluoride
glass
ZBLAN >5 ns 18 ns 18 ns®

(a) Lower limit of the lifetime from the direct method agrees with the lifetime measured
from the indirect method.

(b) Indirect method is preferred since the data is more accurate.

(c) Energy gap relevant to “I;1,, and *Gy;, states are anomalously different so the 7,1/, and
172 lifetimes do not agree.

(d) Basis for difference between the 1112 and 17, lifetimes is uncertain.
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Figure 3.1 An energy level diagram for the emission experiment. A 532 nm pump beam
transfers a fraction of the ground state population into the 4Gy, level. The resulting
emission from the 4G,, level is recorded at the 600 nm wavelength. Since the
nonradiative decay for the 4G,,—*Gs),,2G,;, transition will be much faster than the
radiative decay rate, the 600 nm emission signal will be a direct measure the 1., lifetime.
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Figure 3.2 An experimental scheme for the indirect emission experiment utilizing a time-
correlated photon counting technique. The 532 nm pulse is split into two beams. One
beam illuminates the sample and the resulting 600 nm emission is detected with a
mutichannel plate detector (MCP-PMT). The beam from the second path is time delayed
and focused onto a silicon detector. The photon counting electronics (CFD, TAC, MCB)
condition the electronic pulses from the two detectors. After multiple excitation pulses
the 600 nm emission waveform is reconstructed.
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Figure 3.3 Data and numerical fits from single-photon counting experiments for Nd-
doped phosphate glasses.
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Figure 3.4 Data and numerical fits from single-photon counting experiments for Nd-
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Figure 3.6 Data and numerical fits from single-photon counting experiments for several
Nd-doped apatite crystals.
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Figure 3.7 The 600 nm emission signal arises from both the 4G7/2-—->4Iu/2 and
4G5/2,2G7/2—>419/2 transitions and so the data will include information about both the 17,

and 7Ts,; lifetimes. Employing a Judd-Ofelt analysis of the emission cross sections (67,2
and Os/2), we can model the data to determine both of the lifetimes.
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532 nm Pump Pulse Shape
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Figure 3.8 The 532 nm pump pulse is shown as the open circles. An asymmetric
Gaussian with 1/e half pulse widths of 39 ps and 48 ps provided the best fit to the data
(solid line). The calculated pulse shape was substituted into Lymp and used in the
numerical analysis.
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Figure 3.9 Temperature data and numerical fits for Nd-doped phosphate and

fluorophosphate glasses.
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JK Q-switched Nd:YAG Laser
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Figure 3.10 The experimental scheme for measuring the 7, lifetime for the ‘G1p—"*Gspa,
%Gy, transition in 10 fluoride materials is shown above. A 532 nm light pulse is focused
into the fluoride sample and the emission at ~600 nm is collected and imaged onto the
entrance slit of the monochromator. A very sensitive detector (MCP-PMT) records the
emission signal at the exit slit. The recorded signal then is stored on an oscilloscope
where a total of 10,000 shots were averaged to produce the final data curve.
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Figure 3.11 Data and numerical fits from emission experiments.
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Figure 3.12 Data and numerical fits from emission experiments.
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532 nm Pump Pulse Shape for Fluoride Materials
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Figure 3.13 The 532 nm pump pulse for the emission experiments is shown as the solid
line. Since the pulse shape could not be accurately modeled by a Gaussian, we chose to
use the actual shape in the numerical analysis.
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Figure 3.14 The terminal level lifetimes from the direct and indirect measurements are |
plotted. A best fit to the data is shown as the solid line of the form y = mx. The slope was
found to be 1.15. We find that the indirect method (T7,) can be used to measure the

terminal level lifetime (7;11/2) to within a factor of two for most Nd-doped laser materials.
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Chapter 4

Measurements of the nonradiative lifetime (ts/,) for the 4G5/2,2G7/2—>2Hu,2 transition

in 10 Nd-doped fluoride materials

4.1 Introduction

The fluorides represent a class of materials which tend to possess low phonon
frequencies (300-600 cm™) compared to other laser materials such as the phosphates,
silicates, and oxides, which have higher frequency phonons ranging from (700-1200
cm™). As a consequence, the nonradiative lifetimes tend to be longer and on nanosecond
time scales. This is because an increased number of phonons are needed to bridge the
~ energy gap (2-3) resulting in a higher order process necessary to complete the
nonradiative transition. Of the fluorides investigated, Nd:YLF (LiYF,) is sfill the most
commonly used material in many commercial laser systems. Our measurements of the Ts;
lifetime allowed us to assess whether the energy gap law was still valid for Nd:YLF and

provide additional data for future theoretical evaluations of the energy gap law.

4.2 Experimental arrangement

The energy level diagram for the pumping and emission processes are shown in
Figure 4.1. The ground state Nd ions are excited with a 582.5 nm pump beam from the
output of a dye laser. The ~655 nm emission signal corresponding to the *Gs),,2G;,—
41,,,, transition is recorded with an oscilloscope.

The experimental layout is shown in Figure 4.2. A JK Q-switched Nd: YAG laser
(Model HY-750) operating at 10 Hz produced frequency doubled output pulses of
~500 mJ at 532 nanometers. These pulses were injected into a Lumonics dye laser (Model
HD-300, dye R6-G) to produce the 582.5 nm excitation pulses. A 35 cm focal length lens
wés used to focus the light into the sample and a 5 cm focal length lens with a diameter of
2.5 c¢cm collected the ~655 nm emission from the side of the sample. The image of the
focus was then magniﬁed and relayed to the monochromator slit entrance with a 10 cm

lens in order to match the f/4 optical system of the Digikrom monochromator (Model

240). Depending on the signal level, the slit width ranged from 100-250 pm. A
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narrowband filter (Melles Griot 03F1V048) was placed at the slit entrance to block out
unwanted frequencies and a Hamamatsu MCP-PMT detector (1564-07) was placed at the
output of the monochromator. A LeCroy oscilloscope (Model 9306) was used to capture
the entire emission signal after one excitation pulse. However, since the emission signal
levels were very low (1-10 mV at the signal peak), we chose to average 10,000 emission
signals for each sample. The incoming signals were internally stored and averaged on the

LeCroy oscilloscope before being transferred onto a storage disk.

4.3 Results and summary
The data and model for 10 Nd-doped fluoride samples are shown in Figures 4.3
and 4.4. The model was based on the solution to the rate equation described below:

dNs, _ Ngp Lpump
T +N11120, 0 (1)
t Ts/2 V5825

where we assume that the lower level population remains approximately constant:
Nyy/2 = constant ()

The shape of the pump pulse is shown in Figure 4.5. We recorded the temporal shape by
allowing a small amount of the 582.5 nm light to pass through the monochromator (set at
20 um) and into the MCP-PMT detector. This shape was used for all of the data
modeling. The results of our analysis are listed in Table 4.1 along with the energy gaps
and highest phonon frequencies where known. Based on an analysis of the best fit to the
data, the uncertainty in the value of the lifetimes is Ats;; (<10 ns) = = 1ns for data with
lifetimes less than 10 ns and ATs;» = + 2 ns for the LaF; data. The doping concentration for
the ZBLAN glass was ~2-5 weight % whereas for the fluoride crystals, the doping levels
ranged from 0.1-2%.

With the exception of the Nd:SrBaF, sample, we found the Ts;; lifetimes to be
shorter than the 17, lifetimes measured in Chapter 3 due to the ~300-400 cm™ smaller
energy gap. In the Nd:SrBaF, sample, we found that the lifetime increased from 4.2 ns for
the 4G7/2—->4G5/2,2G7/2 transition to 6.6 ns for the 4G5/2,2G7/2—->2H11/2 transition. This is an

anomalous result which cannot be explained by our current understanding of the energy

gap law.
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With the exception of LaF;, which had the longest measured lifetime of 15 ns, all
of the fluorides materials investigated had lifetimes ranging between 2-7 ns. We found
similar results in a report recently published by Basiev et al.! where they measured the s,
lifetime to be 14.7 ns, 8.7-16.8 vns, and 4.6 ns for LaF;, StF,, and a fluoride glass
respectively, compared to our values of 15 ns, 5.7-6.2 ns, and 5.2 ns (ZBLAN). The range
of lifetimes found in SrF, suggests that the data should be fit with a model that accounts
for the possibility of two or more environments surrounding the Nd ion. We know that
different sites surrounding the Nd ion can result in varying strengths of the crystal-field
coupling. In sites where the coupling is strong, the transfer of energy from the Nd ion to
the surrounding lattice can take place more quickly, resulting in shorter measured
lifetimes.

In order to verify whether the energy gap law is still valid for transitions with
smaller gaps, we needed additional data for the nonradiative transitions involving larger
energy gaps. Unfortunately, for many of the fluoride samples studied, the data (at room
temperature) were not available. We did however, find additional data'* for Nd: YLF and
plotted the nonradiative rates as a function of the energy gap in Figure 4.6. As predicted
by the energy gap law, the data still appears to follow a linear relationship. In the next
chapter we will explore an alternative theory for predicting the nonradiative rates. In
general, because of the lower phonon frequencies found in the fluoride hosts, the
nonradiative lifetimes of these materials will tend to be longer (nanoseconds) because the

order of the process is larger; that is, the number of phonons required to bridge the energy

gap is larger as illustrated in Figure 4.7.
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Table 4.1 A summary of the 1Ts, lifetimes measured from the emission experiments and

the corresponding energy gaps AEs,; and effective phonon frequencies (hveg) if known.

Material Tsp AEsp hvey

lifetime | (cm™ | (em™)
(ns)

Fluoride

glass

ZBLAN 52 - 580°

(Zr4-BaF,-AlFs-

LaF;-NaF)

Fluoride

crystals

LiYF, 2.8 1024* | 560°

Na3Sc,LisFy, 3.3 - -

KY:Fio 3 - -

YF, 5 - -

StF, 5.7-6.2 136! | 360°

BaF, 3.4 . 3218

SrBaF, 6.6° - -

CaF, 5 - 525!

LaF, 15 1141 | 414

(a) The tsp lifetime is anomalously larger than the t;, lifetime (4.2 ns) reported in

Chapter 3.




81

/

4G 2G04

, Ns/o
Ts/2
Hi1z2 Z
4Fap
Os/o
58%5 nm Emission
ump at ~655 nm
G0
15/2
13/2
4| J
11/2 ~ Ny
9/2

Figure 4.1 An energy level diagram that showing the pump and emission processes
involved in measuring the Ts, nonradiative lifetime for the 4G5/2,2G7,2——>4In,2 transition in
10 fluoride materials.
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rep. rate 10 Hz
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Figure 4.2 The experimental scheme for measuring the 7Tsp lifetime for the
4G5/2,2G7/2—>2H11/2 transition in 10 fluoride materials is shown above. A 532 nm light
pulse from a JK Laser is sent into the Lumonics dye laser and converted into 582.5 nm
light. The 582.5 nm light is focused into the fluoride sample and the emission at ~655 nm
is collected and imaged onto the entrance slit of the monochromator. A very sensitive
detector (MCP-PMT) records the emission signal at the exit slit. The recorded signal is
stored on an oscilloscope, . where a total of 10,000 shots were averaged to produce the

final data curve.
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Figure 4.3 Data and numerical fits from emission experiments.
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582.5 nm Pump Pulse Shape for Fluoride Materials
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Figure 4.5 The 582.5 nm pump pulse for the emission experiments is shown as the solid
line. Due to the asymmetric shape of the pulse, we chose to use the actual shape in the
numerical analysis.
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YLF Nonradiative rates (s™)
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Figure 4.6 A plot of the nonradiative rate (W) versus energy gap for Nd:YLF. The
energy gap law appears to still be valid for the faster rates and smaller energy gaps.
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Wi, = A exp(x AE\?:; ) Thre=1/W,

h
Host A Host B
lower effective (hvet) higher effective (hvet)
phonon energies phonon energies
(e.g. fluorides) (e.g. phophates, silicates, oxides)

(higher order process)

Whr (4-phonon) < Whr (2-phonon)

Figure 4.7 Based on the energy gap law expression, smaller energy gaps (AEg,,) and
higher effective phonon energies (hveg) lead to shorter nonradiative lifetimes (Wyy).
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Chapter S Comparison of the energy gap theory and energy transfer model for

predicting nonradiative transition rates

5.1 Introduction

The energy gap law described in Chapter 1 and shown below in Eqn. 1, continues
to be the most widely used expression for predicting the nonradiative transition rates
(Wyy) of the rare-earth ions doped into glassy or crystalline hosts.

W, = Aexp(—xp) “Energy Gap Law” (1)

We will briefly describe the derivation of this equation and the various assumptions
involved. In the next section, we will discuss an alternative method for calculating the
nonradiative rates that utilizes an energy-transfer expression that is often used to describe
the transfer of energy between two impurity ions within a host medium. Here, the
nonradiative transition involves the transfer of energy between the “impurity” rare-earth
ion (donor) and the surrounding host (acceptor). When an exponential form of the
absorption coefficient is substituted within the energy-transfer equation, we find that the
expression simplifies to a form very similar to that of energy gap law in Eqn. 1. We
conclude the chapter by suggesting that a correlation exists between these two
descriptions by showing a nearly linear dependence of the nonradiative rate on the

absorption coefficient with a log-log plot for three different Nd-doped crystalline hosts.

5.2 Derivation of energy gap law by perturbation theory

The lanthanides, also known as the inner transition or rare-earth elements, occupy
atomic numbers 58 through 71 in the periodic table. A survey of laser crystals by
Kaminskii' has shown that the trivalent state of several of the lanthanides has been
incorporated into numerous (over 100) host materials thus making the RE**:crystal a
popular medium for many solid-state lasers. As a result of the triple ionization, the
lanthanides have an unfilled or partially filled 4f N orbital, where N designates the number
of electrons. Normally an unfilled outer lying orbital would cause the exact spacings of

the electronic energy levels to be extremely sensitive to the host environment, however,

due to the radial contraction of the 4f ™ orbital, the electrons in the 4f ™ orbital are
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shielded by the outer closed shells of the 5s and 5p° orbitals (Figure 5.1). Subsequently,
this causes the crystal field interaction (Hcg) with the electrons in the 4f N orbital to be
relatively weak compared to the Coulomb and spin-orbit interactions (Figure 5.2). The
resulting effect of the static crystalline field is to break the spherical symmetry
surrounding the ion thus allowing a partial or full lifting of the J degeneracy, where J is
the total angular momentum. Therefore, when the rare-earth ion is doped into a host, the
centers of gravity of the J manifolds exhibit small changes. However, the order and
separation of the crystal field splittings within a J manifold (i.e. the J values) will vary
from host to host. We can therefore treat the crystal field interaction as a perturbation on
the rare-earth ion. The total Hamiltonian for a rare-earth ion (RE) doped into a host
medium can be written as a sum of the kinetic, electron-nuclear, Coulomb, spin-orbit, and

crystal field interaction Hamiltonians as follows?:

N p2 Ze2 N
H=) | - Z +§(r)z -S;+H 2)
i=1 I i<j Tj
or rewritten as: H =[Hy;, +Henue + Heou + Heo ]+ Het (3)
or simply, H =H{ee ion + Het 4)

In the case of the weak field approximation, the crystal field Hamiltonian is assumed to
have the smallest effect on the free ion energy level spacings:
Hcoul’Hso > Hcf &)

Schematically this is shown in Figure 5.2. The wavefunctions for the free ion can be

written in the intermediate coupling scheme as*:

'4fN[ySL > ZC(ySL)l4fNySLJ> 6)

where L and S are the quantum numbers for orbital angular momentum and spin angular
momentum respectively. The intermediate coupling scheme is often used when neither
the LS (Russell-Saunders) nor the jj coupling schemes are valid. In this case, the
Coulomb and spin orbit interactions are simultaneously diagonalized for each value of J.
And therefore strictly speaking, only J is considered to be a good quantum number; this is

the reason for the square brackets around S and L. However, one will still find the energy

levels designated by the nomenclature 25411 ; since L and S usually dominate.
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Let us first only consider the static component of the crystal field surrounding the
RE** ion. The static or Stark field perturbation is denoted by V, and can be expanded in a
series of spherical harmonics of the form™>*:

V, = 3 BE(CY), ™
k.q.i

where the Bg components describe the strength of the crystal field and the Cg are the

spherical-harmonic tensor operators. The sum over the index i occurs over the number of
electrons. Once the parameters describing V, are known, the wavefunctions and energy
levels can be calculated. This usually involves an iterative process of adjusting the
parameters until an adequate match to the spectroscopic data is made. The new

wavefunctions of the rare-earth ion in a static field are given by:

|4t [ysLYy,, )= YS% C(YSLIT,)

4fNySLIJ, ) ®)

where [ is the crystal field quantum number. These wavefunctions represent the
electronic wavefunctions for the RE-ion in the calculation of the nonradiative transition
rates. In considering the nonradiative transitions, we are only interested in the dynamic
contribution of the crystal field (Hgyn). If we expand the crystal field Hamiltonian in a
Taylor expansion about the equilibrium positions of host ions, we find that the interaction

crystal field Hamiltonian can be written as a sum of static and dynamic components:

He =Vo+ 3 Q- VVyet... | )
V. aV,
=Vo+z_0f. Qi-}_Z—-—L {Qit... (10
;] 0Q; ij 0Q;0Q; Qs
Hee = Hgpaic + den an

where V,=H;uic is the equilibrium position of the crystal lattice and the partial derivatives
of the crystal field (V) are taken with respect to the normal mode coordinates of the
lattice ions (Q;) and evaluated at the equilibrium position. Recall that V, was used in
determining the electronic wavefunctions of the rare-earth ion in a static crystalline field.

To calculate the nonradiative transition rate we employ an expression from time

dependent perturbation theory known as Fermi’s Golden Rule’. Given the total
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wavefunction () for our system, and the dynamic crystal field perturbation, Hgyn, We can

write the nonradiative transition rate (Wy,) as:

2 .
Wnr:.?n((pledyn,(pi»zp(E) (Fermi’s Golden Rule) (12)

where @; and @ are the initial and final wavefunctions respectively and p(E) is the density
of states. As mentioned in Chapter 1, there have been many theories presented as to how
one might simplify the above expression in terms of measurable or calculable parameters.
However, due to uncertainties in understanding the exact nature of the ion-lattice
interaction, many assumptions are required in order to simplify the expression. In this
discussion we follow a simple and intuitive derivation presented by Layne® to illustrate
how the phenomenological form of the gap law expression is derived. A few important
assumptions made in the derivation are:

1.) Born-Oppenheimer approximation for the lattice and ion wavefunctions
allowing the total wavefunction of the system to be a product of the
rare-earth electronic wavefunction and the lattice wavefunction

2) Harmonic oscillator approximation in treatment of lattice vibrations and
their wavefunctions

3) Weak ion-lattice coupling due to shielding effects

4.) Neglect of detailed electron and phonon properties due to the large number
of interacting phonon modes and intermediate states

5) Relaxation of selection rules, since higher order multiphonon processes
involve statistical averaging

We will consider additional approximations as they arise in the derivation. The

total wavefunction for the ion-lattice can be written as:

|(P> = i\vel )I Wlattice) (13)
|9y =|we) [T|no,) (14)
Wiy

where the total wavefunction is a product of the electronic wavefunction for the ion and

the lattice wavefunction. The lattice wavefunction can be written as product of harmonic

oscillator wavefunctions over all possible modes, m, that can couple to the rare-earth ion.
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The variable n,, corresponds to the phonon occupation number. In a crystal, since the
long range ordering of the lattice is disrupted by the incorporatioh of the rare-earth ion,
the normal modes of vibration could be those of a unit cell centered around the ion’. This
allows us to simplify our discussion to include only the nearest neighbor vibrations which
couple efficiently to the rare-earth ion. However, in a glass, the concept of a phonon is
slightly different. Within a glass, there are network forming ions such as P, Si, B, Ge,
which can form tetrahedral units such as PO,. In addition, there are network modifiers
such as the alkali ions, which break up the P-O-P-O bonds. In this formulation we assume
that:

®. (15)

network modifiers

< O perwork formers
so that only the high energy vibrations will be considered and will usually involve the
localized vibrations of the glass forming uhits. For example in the silicate, phosphate,
borate, and ZBLAN fluoride glasses, the networking forming units are the SiO4, POy,
BOy4, and ZrF, tetrahedra. Studies have shown that in the silicate glass for instance, most
of the high frequency vibrations are due to the stretching of the Si-O bond®"?®®. Since we
are only considering localized vibrations, the wavefunctions will be enumerated by
frequency only and not by wave number k. So our picture can be described as either as a
unit cell surrounding the rare-earth ion (crystal) or large molecule of network forming
units surrounding rare-earth ion (glass). There will be many modes of lattice oscillations
that can couple to the ion. However in the final expression, we will show that in most
cases, only the normal mode with the highest frequency of vibration (veg) efficiently
couples to the rare-earth ion during a nonradiative transition in both glassy and crystalline
host materials.

Let us first consider the one phonon transition. Later we will invoke high order

perturbation theory to describe a multiphonon transition. We are interested in the

transition from an initial state |@;) to a final state {¢;| with the emission of a single

phonon. The wave function can be written as:

w?ﬁﬁ] Doy ) (16)

Wy

lo;) =
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g, + 1] H(nmk | (17)

Oprxi

and (9] -—<

where in the final state, one of the phonon occupation numbers has increased by one.

Substituting the above wavefunctions into Eqn. 12 we find:

fIZ

2

= Qq | @:)| P(E) (18)

an

where we have only considered the first term in the dynamic crystal field expansion.
Recall from the quantum mechanical description of a harmonic oscillator that the normal

coordinate, Q,, can be written as a sum of the creation and annihilation operators:

Bo(ay 4
Qo =550 +80) (19
where fg|ng)=+/ng +1|nm +1> (20)
and Ap|Ne) =g |0 —1) (21)
Therefore, Eqn. 18 becomes:
2
2n aV,
Wl = <wel anf w?) 2M (nmk +1) 8[E; —E; —hoy] (22)

where the density function has been replaced by the energy conserving delta function.
Since the details of the electronic coupling of the rare-earth ion to the lattice is not well
known, the squared matrix element cannot be directly calculated. As a result, in the final
expression, the matrix element is usually left as a phenomenological parameter.

Since most nonradiative transitions involve energy separations between the initial
and final state which are larger than the highest single phonon energy in the glass or
crystal, we must proceed to a higher order perturbation calculation to account for the
possibility of multiphonon emission. Expanding the expression for the dynamic crystal
field potential we find:

Ve < PV, .
Zan 1% an an Q(oiQmj + ...i,j%}:l anianjm apr QmiQmj'“Qmp

(23)
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Where the sum is over all modes of vibration that can couple to the rare-earth ion during
the transition. In calculating nonradiative transition rates for higher order processes, we
can use the first term in pth order perturbation or the pth order term in first order
perturbation. Both arguments should lead to similar results and therefore for simplicity
we chose to use the first term in the expression below which includes a sum over all the

possible intermediate states @ <

2
LA < IV, < OV,
<(Pf ZﬁfQ“)‘ (Ps1> @5, zanf Qa)j @s, ...<(psr1 zé—é‘—:—%’%>
WP = E 2 i=1 i =l j k=1 2 p(E)
Ton S5-Sp—1 (Ei "Esl )(Ei—E52 )"‘(Ei—Esp_l)
(24)

The mathematical details for simplifying this expression are discussed in Ref. 5. We

show the final result below:

5 5 p (2 )2p Kw%l V'f W§1>|2P

n m C 1

W = n Eﬁ_ b 1)] 4 (h) 2@~V 8(AEgap P hco) 23}
AE

and p=m 26)

where p is the normalized energy gap or >order of the multiphonon process. The

expression in the square bracket arose form the operator Q, operating on the lattice.

w?‘)

that the details of the ion-lattice coupling are unimportant since they become statistically

A\ arises from assuming

wavefunctions p times. The average matrix element K\p?

averaged for a multiphonon process. The work by Kiel'' cast Eqn. 25 into a simpler from

by assuming that if the perturbation Vc'f is small, then the transition rate for a pth order

process should be smaller that for a (p-1)th order process. The argument is shown

mathematically as follows:
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WP
;_‘] =g<<1
Wnr
P _ywp-!
Wnr - Wnr €
p-1 _ wrp-2.2
WPl = wP2e @7

P _wo
WP =W, eP

where € can be found from Eqn. 25 to be:

, 2
g= [ - 1)]-(2m)2 -M (28)
2Mo (ho)?

The nonradiative rate can be rewritten as:

WP = AeP = Aexp(lne- p) = A exp(—kp) (29)
or bringing out the temperature dependence in front we have

WP =A-(n+1)? -exp(lne’- p) (30a)

\A ’ |
g'= h;i:zz : '<(pf h:; ) l (30b)

where the Bose-Einstein occupation number is defined as:

1

= 31
! exp(hw/kT)~1 S

Eqn. 29 can be recognized as the energy gap law. In arriving at this final form, we have

(oc{ Vel

(p-Dth order process, (2) for different initial and final electronic states, and (3) different

assumed that the average matrix element V(;f is the same for: (1) a pth and a

temperatures. In assuming that the initial and final state are unimportant, the expression
predicts that the nonradiative rates for different transitions will be similar, so long as the
gap sizes are equivalent. In addition, the dependence on p implies that only. the highest
frequency vibrations (h® = hw.s) are important. This has been shown to be generally true

through temperature dependent measurements’ of the nonradiative rates where the data is

fit to a single value of hwes. Recall from Figure 4.7 that the nonradiative transition tends
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to involve high frequency phonons since the energy gap can be bridged with the smallest
number of phonons and with the lowest order perturbation treatment. In Figures 5.3 and
5.4 we plot the nonradiative rate (W) as a function of the energy gap (AE,,,) for several
data at room temperature. As is evidenced by the linear fits, the energy gap law appears to
be valid for all of the materials investigated thus giving confidence to the

phenomenological expression of Eqn. 29.

5.3 Derivation of energy transfer model

It is the purpose of this section to discuss an alternative method for calculating the
nonradiative transition rates by employing a modified expression from energy transfer
theory. We will show that the modified expression is primarily dependent on the
absorption of the host material and thus allows a simple measurement of the host
absorption coefficient to be used for an estimate of the nonradiative transition rates. The

Foerster-Dexter!>!?

theory for energy transfer has been successfully used to model
systems in which energy is transferred from a donor impurity-ion to an acceptor impurity-
ion within the same host medium. For example, in some lasers systems, two rare-earth

143 the rare-earth ions of Tm>*

ions are co-doped into the host. In a paper by Payne et al.
and Ho** were co-doped into LiYF; to produce a laser in the 2.1 um range. In this
scheme, the Tm>" ion is used to efficiently absorb the pump light and efficiently transfer
the energy to the Ho>* ion through nonradiative energy transfer. After which, the Ho®* ion
emits radiation at the desired wavelength. In this model, the distribution of acceptor
‘molecules is considered to be random and the concentration is often very low. The total
rate of de-excitation for the donor can be written as:
Wiot = Wiag + War" (32)

where the first term is the radiative rate and the second term corresponds to the

nonradiative rate of energy transfer between the donor and acceptor. The intensity of the

luminescence of the donor can therefore be written as:

I° = 1P exp(-WD, -t) (33)
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In our physical model, the RE-ion is the donor and the surrounding host acts as
the acceptor ions (Figure 5.5). The acceptdr ions, for example, could be the high
frequency SiOs network formers within the silicate glass. As mentioned earlier there has
been evidence that the high frequency vibrations of the SiOj4 complexes responsible for
absorbing the energy from the Nd ions’. From this description we find that there is a
functional dependence on the distance between the donor and the acceptor, Rx. We can

write the energy transfer rate as a sum of probabilities:

k=N,
Wi = 3 P(Ry) (34)
k=1

where N, is the number of acceptors. The intensity can now be written as:

k=NA
1° =10 exp[—wgd + z—P(Rk))-t (35)
k=1
or in product form:
k=NA
1P = 1D exp(~W2, -t) [Jexp(~P(Ry)-t) (36)
k=1

In order to calculate the energy transfer rate, we must derive a functional form for the

nonradiative rate, P(R). Following the Foerster-Dexter theory, a dipole-dipole interaction
Hamiltonian is used within the time-dependent perturbation expression:

2% * 2

P(R) =7U ¥iH; % dv| p(E) (37)

The dipole-dipole interaction Hamiltonian can be written in MKS units as:

int = 4—;8—0;13‘[?1 ‘Pot 3(?1 ' ﬁ)(f’z : Ii)] (38)

where R is defined as the distance between the dipoles as shown in Figure 5.6.
The wavefunctions of the initial and final states can be decomposed as:

¥ =Y, (39)
and Y. =YY, (40)
where initially, the donor is in an excited state and the acceptor is in the ground state, and

in the final state, the donor is in the ground state and the acceptor is in the excited state. A

prime is used to designate an excited state.
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After simplifying, (Ref. 12, 13, and 14b) we have:

R, 1
) P(R)=|—2| . 41
(R) {R} - (41)
3 4 D E’ A E’ ’
where [R, ]6 =(Z—1-t—)(%) I 08 2,4( )Gl (42)
6 3CTra ’ ’ ’
or [Ro] =(ﬁ) jofm(x ) o4 (L) dA (43)

Equation 43 is an important simplification within the derivation. It states that the
nonradiative energy transfer rate is dependent on the overlap integral of the donor
emission cross section, Ce, and the acceptor absorption cross section, Gus. Intuitively this
makes sense, since if the energy of the donor ion is not in resonance with what the
acceptor ion can internally absorb, then the probability of energy transfer between the two
ions will be low.

Returning to Eqn. 35, we convert the discrete sum into an integral

° =10 exp{—ng —-N, j P(R)w(R)dVJ- t (44)
v

where w(R) is the probability distribution of the donor-acceptor distance R in the volume,

V15

4nR?

1P =1y exp| ~-Wig -N, [ P(R) dR |-t (45)

Roin
and V= % nR3 (46)

Our system differs in one important way in that the concentration of the acceptors is
much higher. This requires us to use a slightly different method of averaging as shown in
Eqns. 44 and 45 from that normally done for low concentrations'>. The low concentration

model’’

employs a statistically weighted average of the product form shown in Eqn. 36.
In both derivations, (this work and Ref. 15) a parameter, Rpin, is introduced in the

lower limit of the integral so that the integrand is convergent over the limits of

integration. The Ry, parameter in our model can be considered the minimum interaction
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distance over which Hamiltonian still appears as a dipole-dipole interaction. Substituting

the definition for P(R) from Eqn. 41 into Eqn. 45 we have:

R 1 4nR
I° =12 exp| -WD, -N,, [—0] dR |-t (@47)

0 ra R{ﬂ] R Trad V

. 4
which integrates to: 1P =I(I)) exp| — };d _Na /3 T R, )-t (48)
A Rmin Trad
Finally we have:
Np4/37 3¢
1P =1P exp| -WD, ——A o (A) oA (A)) A’ |-t (49)
0 P( rad Vv R:r:,nin 81t4n2 b:

The acceptor concentration is defined as the number of acceptors divided by the volume

Na
=—= (50)
Pa vV
In addition, the absorption coefficient can be defined in terms of the acceptor
concentration and the acceptor cross section as:

Olgbs = PaCabs (51)

The integral in Eqn. 49 now becomes:

4137 3c , e
1° =1° exp(—w}gd ——— j o2 (A oy (\) dA )m (52)
Rmin 8t'n
D 1 2/3c

or ° =1 exp[—-Wrad — j O (M) Al (A1) d?\.')-t (53)

Vinin (7n)?
where Vi, has been described by Kaminskii'® as the smallest non absorbing volume
surrounding the rare-earth ion.

Since the details of the cross sections for infrared emission are often unknown we
will approximate the emission cross section with an effective cross section defined as a
delta function multiplied by a slowly varying function of A. We know from our derivation
of the energy gap law and the experimental data in Figures 5.3 and 5.4 (summarized in

Table 5.1) that the nonradiative transition rates appear to be invariant of the particular

details of the initial and final electronic states of the rare-earth ion (Some exceptions have
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been noted, see Ref. 17) Continuing with this approximation, we explore the possibility

of rewriting the nonradiative transition rate from Eqn. 53 as:

xfer 1 2/3c "N o~ LA ’ ’
Xer o S(L-A)-%-a (A7) dA 54
- (m)zj( )X 0 (M) (54)
with oo (A)=8(A-1)-% (55)

where Y is the slowly varying function of the emission wavelength in the infrared region

of interest here. The nonradiative transition rate can therefore be written in terms of the

host _

host absorption coefficient o, :

e =203 gakm (56)

" Viin (nin)?

In reviewing the literature, we found several experimental data that showed an
exponential dependence on the logarithm of the absorption coefficient with energy of the .
absorption wavelength'®'®, In addition, we found that several of the theoretical formulas
used to describe the experimental data had a similar dependence on the energy gap as that
of the energy gap law'81920@d  The question underlying many of the derivations is
whether to use an anharmonic approximation for the lattice wavefunctions with the linear

dipole as the interaction Hamiltonian between the host and the radiation field*':

. 2
kst o< (0% Dynl 0kt )| P(E) (572

H ot = Hparm + Hann (57b)

or to allow the dipole interaction to include the higher order nonlinear terms*

.2
o e 0f /Do) P(E) (582)

"D =Dy;y + Dponlinear (58a)

In all probability, the answer involves both effects of mechanical anharmonicity (Hann)
and electrical anharmonicity (Dyontinear). In reviewing the literature we found a derivation
which assumed the conditions of Eqns. 57 a and b'®. The final expression from this work

appears as:

o «B(n+ )P exp(Inp-p’) where p’ = % >1 (59

(o)
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where J is describes the strength of the anharmonicity. It is also used in the expansion of
the anharmonic crystal. The frequency @, is defined as the Reststrahl frequency. In other
similar derivations, ®, is defined as the maximum critical fre:quencyzoa or characteristic

longitudinal optical frequency of the material'®. And therefore p' defines the p'th order of
the absorption process. Using the above definition for the absorption coefficient, we can

rewrite the nonradiative transition rate of Eqn. 56 as:

WX =B. (n+ 1) exp(InB - p) (60a)
where B=B. 1 2/ 32 - (60b)
Vhin (70)

5.4 Applicability of energy transfer model for predicting nonradiative transition
rates and conclusions

In comparing the final expressions from both the enefgy gap law and energy
transfer theory, we observe some similarities between the two expressions. We

summarize the results in Eqns. 61 and 62 below:

Wlfr =A-(n(h® ) +1)P 'exp(ln £-p) “Energy Gap Law” (6la)

. _nem? ([(od Vo))

with (61b)
2Mo 10
AE .
and P= —L . (61C)
A5
WaREr oc Uit (L) (62a)
or Wr’l‘rfer =B -(n(ho,)+ PP exp(InB-p’)  “Energy Transfer Model”
AE
Wlth p, = gap (62b)
, ho, _

We observe that the slopés of the log(Wy,) and log(WX*") curves when plotted
against the energy gap (AEg,p) both depend on the strength of the perturbation. In the case

of energy transfer, Inf} is a parameter that describes the degree of anharmonicity of the

harmonic potential. In a similar fashion, the slope In¢' of the energy gap expression is
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related to the strength of the ion-lattice coupling. In both derivations, the order of the
perturbation process (p and p') is important and leads to similar exponential dependencies

on the energy gap (AEg,p) of the transition.

host
abs

If we plot the nonradiative rate (W) versus the absorption coefficient (¢, ) on a

log-log plot as shown in Figure 5.7 we find that the data appear to follow a nearly linear
relationship. Due to the lack of infrared absorption available for many of the materials we
investigated, we were only able to plot data for the following crystals: Nd:YAG,
Nd:YALO, and Nd:YLF. The absorption data was found from Ref. 29-31 respectively,
and the nonradiative rates were taken from the plots in Figures 5.3 and 5.4. The best fit
to the data yielded:
log(W,.) =1.21-log(0l ) +7.06 (63)

or W, = 10796 . aabsl'zl (64)
where Eqns. 61 and 62 predict a o, '® dependence. |

Due to the nearly linear dependence of the data, our initial approximation of
estimating the emission cross section with an effective cross section appears to agree with
the results. This small discrepancy implies that the Foerster-Dexter formalism for energy
transfer may not strictlyvapply to our model. In addition to this work, there have been
many other attempts to correlate nonradiative transitions with absorption data (For
example see Refs. 24 ,29, 31, and 33). The manuscript of Kaminskii et al.'® includes
many references to the important early works of E. B. Sveshnikova, V. L. Ermolaev and
others in correlating nonradiative transitions with inductance-resonance theory and in
addition, provides a thorough review of the previous work done. In this chapter, we have
attempted to bring some of the available information together in a single plot. With the
availability of additional absorption data, a plot similar to Figure 5.7 could prove useful,
since the measurements of the absorption coefficient are significantly easier than

nonradiative measurements. Order of magnitude estimates could then easily be made for

prospective, new laser materials.
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Table 5.1 A summary of the slopes and y-intercepts for the best fit through the data in

Figures 5.3 and 5.4

Material Slope | y-intercept
107

Phosphate -2.02 12.63
Glasses '
Silicate -1.85 11.56
Glasses
ZBLAN -3.32 11.62
and ZBLN
YLF -2.76 11.26
YAG -2.29 11.98
YALO -2.92 12.68
GSGG -3.12 12.74
and GGG
YVO, -2.41 12.65
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Figure 5.1 A plot of the radial orbitals for Gd* showing the shielding of the electrons in
the 4 fN orbital by the closed shell 5s* and 5p° orbitals (From Ref. 32).
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Figure 5.2 Due to the outer orbital shielding, the crystal field surrounding the rare-earth
jon can be treated as a perturbation on the free ion states in calculating the new
wavefunctions and energy levels.
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Figure 5.3 A plot of the nonradiative rate versus energy gap for the phosphate, silicate,
and fluorides glasses and a fluoride crystal at room temperature. The best fit through the
data is shown by the solid line.
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Figure 5.4 A plot of the nonradiative rate versus energy gap for three oxide crystals and
a vanadate crystal at room temperature. The best fit through the data is shown by the solid
line.




109

Acceptor
< Acceptor

Acceptor

Acceptor

Figure 5.5 In our model, the rare-earth ion is considered to be the donor and the
surrounding unit cell in the crystalline lattice or network forming ions in a glass are
considered to be the acceptors.
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Figure 5.6 In a dipole-dipole interaction, the interaction distance is defined to be R.
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Chapter 6
Pulse length and terminal level lifetime dependence of energy extraction for a Nd-

doped phosphate amplifier glass

6.1 Introduction and motivation

The efficiency at which energy is extracted from a solid state laser medium will
depend in part on the relative magnitude of the extraction pulse length with respect to the
terminal level lifetime. Depending on the laser host material, the neodymium terminal
level lifetime can vary from picoseconds to microseconds, thus influencing whether a
laser will operate as a three- or four-level system. The neodymium-doped phosphate
glass, LG-750 (a laser glass made by Schott and currently used in the Nova Laser Facility
at Lawrence Livermore National Laboratory), operates on the basis of the 4Fz;,—%1;1,
transition, as shown in Figure 6.1. During the amplification of a 1.053 um pulse, a
fraction of the inverted neodymium ion population is transferred from the 4F,,, metastable
level into the 41;,,, level, which lies approximately 1500 cm! above the ground state. In
this system the terminal level lifetime (Tq1/0) 1s the decay time for neodymium ions in the
411172 level to drain into the 4Iy, ground level. If the temporal length of the extracting
pulse is much longer than the terminal level lifetime (T, >> T;y,,) then the lower level
population will quickly return to the ground state during the passage of the pulse and -
four-level operation will be obtained. However, for the condition of T, << 7112, the lower
level will become bottlenecked and the Nd ion population will remain in the lower level
during the passage of the pulse resulting in effective three-level operation with reduced
gain. ‘

There have been several experimental and theoretical attempts to quantify the
terminal level lifetime for neodymium-doped glasses and crystals: energy extraction, gain
recovery, pump-probe (Chap. 2), and indirect emission (Chap. 3) for example. In
principle, all of these methods should yield a similar value for the terminal level lifetime.
The effort to find agreement among the various lifetime measurements is worthwhile,

because the terminal level lifetime is an important parameter in the design of solid state

laser systems for situations when its value becomes comparable to the laser pulse width
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(T11/2 = Tp)- In this case the laser will operate as a transient quasi-three-level system and
the coupled population and transport equations must be numerically integrated in order to
calculate the output energy and extraction efficiency of a laser system. The numerical
integration is necessary, because there is no known analytic solution to the coupled
equations governing pulse amplification which explicitly includes the effects of both 1,
and T,,, in the intermediate regime.

The importance of the terminal level lifetime is evidenced by the reduction of
extraction efficiency when the terminal level is fully bottlenecked. To show this, we first
write the extraction efficiency in terms of the input fluence (F,,), output fluence (F,,),

stored energy per unit volume (Eg,..4), and the length of the gain medium (¢):

E .- F
T-l ) = out 1n ( 1 )
. o £ Estored

The stored energy density can also be described in terms of the small signal gain
coefficient (g,), the saturation fluence (Fg,), and a parameter y which accounts for the
upper and lower level degeneracies:

Egtored = Y80 Fsat ()
For the condition, F; /F,, >> 1, (see Eqn. 6) we can write the output fluence in a lossless

amplifier as:

Fout = I::in +Fsat €o 14 (3)
with the saturation fluence defined as;
. hv/c
Ry = e @

where Ge, is the emission cross section. We then find the limiting extraction efficiency to
be:

Nextr (Fin/Fear >> 1) = 1y | )
where in the simple case of non-degenerate upper and lower laser levels, 7y varies between
the values of 1 and 2, representing either ideal four-level or three-level operation,
respectively. In this work, we use an effective degeneracy ratio of 0.35 for Nd-doped

phosphate glass. This value arises from the average of two calculations. The first is a

straightforward calculation of g/g; = 2V+1)/(2J+1) = 1/3 where J' and J are the total
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angular momentum of the upper and lower Nd levels respectively. This value would
prevail at high temperatures, where all the sublevels are equally populated. The second
calculation’ includes the thermally weighted distribution of population within the J levels
and yields 0.37. If we use this effective degeneracy ratio for the upper (*F;,,) and lower
(*I;1p) laser levels for neodymium-doped phosphate glass, LG-750, we find that the
extraction efficiency can be reduced by as much as 26% in the fully bottlenecked
condition.

In this chapter we formulate a modified saturation fluence, F';, and energy

extraction solution, F',,, which include the effects of the pulse width and the terminal

out»
level lifetime. In Sections 6.2-6.5 we discuss our numerical modeling and present a
modified saturation fluence and the conditions under which it can be used. In Section 6.6
we substitute the modified saturation fluence into the well known Frantz and Nodvik?
solution for energy extraction and model the extraction data previously taken by Yarema
and Milam®. Our model shows that the change in extraction efficiency between the 1 and
20 ns pulses for LG-750 laser glass can be accounted for by including the effects of the
pulse width and the terminal level lifetime. In Section 6.7 we compare the terminal level
lifetime determined from the extraction data with the lifetimes measured from two other
experiments: a pump-probe measurement and an indirect emission measurement. We find
that the values of the terminal level lifetime determined from these three separate and

independent measurements are in agreement. We summarize our results and conclude that

the terminal level lifetime of LG-750 is 253 ps with an RMS error of =+ 50 ps.

6.2 Numerical model

The amplification of a laser pulse passing through a gain medium can be modeled
by the Frantz and Nodvik® solution to the coupled rate and energy transport equations.
The solutions are valid for either infinitely fast or slow terminal level lifetimes (1)
compared with the temporal length of the pulse (7,) and can be used for a homogeneous

and lossless medium and when the population changes are mainly due to stimulated

emission and absorption processes. The Frantz-Nodvik solution which calculates the
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fluence out of a gain medium given the input fluence (F,;), saturation fluence (F,,), small

signal gain (G), and length (¢) of the gain medium can be written as’:

Fou = satln[1 +G, (CXp(Fin /Feat ) - 1)] (6)
with G, = exp(g,?) )
and F, = V/en ®)

Y
where Y= 1+—fl ~1+82 for  T/1,,<<1, (9a)
f, g1
and Y=1 for  T/1,,>>1 (9b)

Here, f; and f, are the fractional populations in the lower and upper laser levels,
respectively. We approximate the ratio f;/f, as 0.35 given earlier for the 4F;,, and 4I;;,,
states of Nd.

In this paper, we find an empirical solution of the saturation fluence F'y;; similar in
form to Eqn. 8, which explicitly includes the pulse length and nonradiative decay into the
lower level and works in the intermediate regime (T, ~ T,,,). The solution is useful for
calculating extraction efficiencies without having to numerically integrate the coupled
equations. In forming a solution we required that it converge to the analytic Frantz-
Nodvik solutions for 1,/t,,, << 1 (three-level) and 1,/1,;,, >> 1 (four-level). In reviewing
Eqns. 6-9, we observe that the parameter y changes its value in going from a three to four-
level operation. Therefore, ¥ is changed from a constant to a variable which has an

explicit functional dependence on R = T,/1,,,,, the ratio of pulse length to terminal level

lifetime:
Y(R) =1+£2.B(R) (10)
&1 ,
The function B(R) is to be determined with the aforementioned conStraint that:
B(R)=0forR<<1, (11a)
and B(R)=1forR >>1 (11b)

We can now define the modified saturation fluence to be:

, _hV/Oey,
sat Y(R)

(12)
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This method will give different Y(R) curves for different pulse shapes. We give results

here for near-square pulses.

6.3 Numerical computation

The steps involved in finding the functional form of B(R) are: (1) Transform the
coupled rate and transport equations which include the terminal level lifetime (T;1/,) to a
coordinate system that moves within the frame of the pulse; (2) Simplify the equations by
integrating over the spatial dimension so that only a set of coupled ordinary differential
equations in time remain; (3) Integrate the coupled equations for a range of R values; (4)
Substitute the modified saturation fluence defined in Eqn. 12 into the Frantz-Nodvik
solution (Eqn. 6) and fit each of the empirical output-versus-input fluence solutions to the
exact numerical solutions found in step 3 and determine B(R); (5) Find an analytic form
for B(R); (6) Determine the range of input parameters over which the modified saturation
fluence F'g4¢ can be used.

We begin by assuming that the upper laser level has a population N,(0) created by
a previous pumping process when the input pulse arrives. The coupled rate and energy

transport equations for a lossless system can be written as:

INy(t) _  I(zt)

%  hv [GemN2(t) = 0N (1)] (13a)
MNilt) _ 1) - N;(t)

ot " hv [GemNZ(t) Gable(t)]_ - (13b)
ol(z,t) ndl(z,t)

oz * c ot - I(Z’ t)[qemN2(t) — O aps N1 (t)] (13c)

where N,(t) and N (t) represent the upper (*F;,,) and lower (%I;;/,) leve] populations, G,
is the single ion stimulated emission cross section for the 4F;/,—%1;,, transition, and G,
is the single ion absorption cross section for the 4111/2—>4F3/2 transition. The intensity of
the laser pulse is denoted by I(z,t). In a glass, G, O and Ti1 are supposed to be site

averaged or ensemble values.

The equations can be transformed to a moving coordinate system that travels at

the velocity of the pulse by making the following transformation of variables: T = t—zn/c
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and Z = z. We also define B = N0y, to be the gain coefficient of the upper level ions
and o0 = N0y, to be the loss coefficient of the lower level ions. The ratio of

degeneracies is defined to be the constant K = g5/g; = G/Cepms- The result is:

B__

oT hv/csem [B-a] e
doo.  IK

—= ~-al- (14b)
oT hv/c,, [B-o] T11/2

ol

2 _1B- 14
= =1[p-0] (14c)

These equations can be further simplified by observing that integration over the
spatial dimension in Eqns. 14a, b, and c is possible, leaving a set of ordinary differential

equations in time to be solved®. The quantities U(t) and L(t) are first introduced:
L
U(t) = [B(z,T)dz (15a)
0
and
? :
L(t) = Jo(z,T)dz (15b)
0
Integrating the right hand side of Eqn. 14c along the length of the amplifier we find:

| di ¢
| T:({ (B-a)dz=U(t)-L(t) (16)

I

Completing the integration on the left side we find that the output intensity can be written
in terms of the U(t) and L(t) equations:
Iy = Ly eV =1 ef (17)

out

Integrating the equation for 8 along the z axis of the amplifier we have:

du
—d—t— hv/cem .[ out['3 ] (18a)

Then substituting in Eqn. 17 we obtain:

B oo Uip_g]as, (18b)
dt hv/c,., '
and therefore W___Ln JeBdg (18¢)

dt hv/c,y,
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Finally we find: -

Mot (es_y) (184)
dt hv/G.,

- Following a similar procedure for the o equation we find:

L LK (g L
dt hV/Gem T2

(19)

The problem now reduces to solving the following set of coupled differential equations:

au_ Tl -1) 20)
dt hv/c
w1l N
dt hv/G e, 112
dE .

dotut = Iou =1ip et (22)

where the known initial conditions U(0), L(0), and L, (t) are used to integrate the
equations (20-22) forward in time. Finally the integrated output intensity yields the output

fluence:

E, ¢ (numerical) = [T, ()dt = [T, (t)eVLdt : (23)
0 0

Where Fou.(numerical) is the exact solution to the lossless coupled rate and energy

transport equations which include the terminal level lifetime (T;;,)-

6.4 Formulation of empirical model

The goal of this section is to derive an empirical solution for the output fluence

having the form:

F out (empirical) =Fou ln[l +G, (exp(Fm / Foat ) - 1)] (24)
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which closely approximates the exact numerical solution described above. To do this we

define a modified saturation fluence as follows:

74 h em
v =0 (25)
[1+g——2-B(R):|
4]

In other words, the problem reduces to determining the appropriate form of B(R). The
numerical solutions of Eqn. 23 for square pulses with R = 0.01, 2, and 100 are plotted in
Figure 6.2. For each numerical solution shown, a best fit of the empirical solution (Eqn.
24) was found by adjusting the value of B(R) to minimize the %2 fitting error. The
empirical solutions are also shown in Figure 6.2 along with the corresponding B(R) and
%2 values where we define:

N=100. 2 1
2 _ num ¢:y __ emp -
o= (Y lrro-mrof &

In Figure 6.2, only three different values of B(R) were determined. In order to
find a functional form for B(R) additional values were needed. In Figure 6.3, over 1000
fits are shown to produce a nearly continuous curve for B(R). As required, B(R)
converges to the asymptotes of 1 and 0 for T,/1,, << 1 and 1,/1,;,, >> 1, respectively, as
required by Eqns. 11a and b.

We found that three exponentials (Figures 6.4 a and b) are needed to accurately

describe the B(R) curve. The exponential sum is written as:

B(R) = ajexp(-R/b;) + a,exp(-R/b,) + azexp(-R/bs) 27)
where the coefficients are:

a; = 0.59735, a, = 0.34025, and a3 = 0.0605 (28a)

b, = 1.29348, b,=4.14937, and b; = 30.38384 (28b)

To match the experimental data® the above equation for B(R) was evaluated for the

following input parameter values:
g,/g1 = 0.35, (29a)
- Gp=6.9, ‘ (29b)
(1) = Lexp(-t/w)30 | (29¢)
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where L,(t) is a square pulse approximated by a super-Gaussian of power 30. In addition,
the range of input fluences over which the fits to the numerical solution were made were
less than three and a half times the four-level saturation fluence or:

F,/(hv/o,,) < 3.5 (29d)
and was selected in order to emphasize the range of input fluences commonly used in
actual extraction experiments and normal laser operation. If we substitute the above
definition for B(R) into the modified saturation fluence, F',, we have an empirical
expression for the saturation fluence which can be used to calculate the output energy for
any ratio of the square pulse length to the terminal level lifetime with an error of less than
1.5%. The expression for F'y;; will be used to determine the terminal level lifetime from
the Yarema and Milam extraction data (discussed in Section 6.6). Accordingly, our
choices for the value of the parameters (g,/g;, G,, and L, (t)) and therefore B(R) are
specific to this problem. In the following section we discuss how B(R) and the empirical
solution changes when these parameters are varied.

Before proceeding however, we would like to mention that in a recent publication
by Beach et al.’ an approximate form for the extraction efficiency is derived that includes

the ratio of the pulse width to the terminal level lifetime and is shown to be:

Nextr = f ! 30)
1+-L-B(R)
2
and B(R)'= l_e%("m (31)

where the parameter B(R)' is equivalent to our fitting parameter B(R) and fi/f, are the
fractional populations in the lower and upper manifolds, respectively. This form was
found by assuming a low probability for re-absorption of the 4111/2 population into the

4F3/2 level. The uncoupled differential equation for N; then becomes:

dN, (1) _ P— Ny (t) (32)
dt T2

where the filling rate, P, is approximately equal to the number of neodymium ions

brought down to the terminal level from the upper level N, in a time T,, where T, is the

square pulse width:
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P = ANy/1, (33)
The solution for N; is:

1-exp(—R)

le:ANz'{ R

]:ANZ ‘B(R)' (34)

where we have assumed the initial population, Ny;, to be virtually zero. The solution for
N; (Eqn. 34) is then substituted into the definition of the extraction efficiency to obtain
Eqn. 30. _

We found that B(R) = B(R)' proved to only be accurate for input fluences which
are less than the saturation fluence of the medium (Fy, < hv/Gen). We have nonetheless
found that an adequate fit to B(R) can be achieved over a larger Fi, range if a
phenomenological parameter is introduced by taking B(R)' to the 1.13 power (i.e.
[B(R)'"®]). This new form of B(R)' can be substituted into Eqn. 24 and 25 to determine

the output energy with an error of less than 1.5% for the input parameters in Eqns. 29a-b.

6.5 Applicability of model to variations in the input parameters (g,/g;, Go, and
Lin(t)

If a different ratio of degeneracies, K' = g',/g'; , is required then y can be redefined

Y=1+K"-B(R) (35)
where B(R) is still défined by Eqn. 27. We find that the use of a single equation for B(R)
for the values of K' in the range of 0.01 to 0.5 will result in an error of less than 2% in the
calculation of the output fluence.

The B(R) curves for the gains (G,) of 2, 6.9 and 20 were calculated. The similarity
in the B(R) curves reveals that the modified saturation fluence, F'g,, will only slightly
depend on the value of G, The use of a single equation (Eqn. 27) for the values of G, in
the range of 2 to 20 will result in an error of less than 2% in the calculation of the output
fluence.

We investigated the pulse shape dependence of B(R) for four different cases. In
Figure 6.5 the pulse shapes for the Gaussian and 4th, 6th, and 30th power super-Gaussian

are plotted. We choose to approximate the shape of a square pulse by the 30th power
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super-Gaussian. The equation for B(R) (Eqn. 27) is valid for a square pulse shape with

the pulse width defined as: T, = 2w. However, when experimental conditions require

P
analysis of a super-Gaussian of a lower power, we found that an alternative definition of
the pulse width allows us to use a single definition of B(R) for all super-Gaussian input
pulse shapes with powers between 2 and 28. The use of B(R) with the pulse width
defined as the full width at 0.24 of the maximum results in less than a 1.5% error in the
calculated output fluence. The new pulse width, 'c'p, is defined as:
Tp=2W,=2w- 1.55(/p) , (36)

and p is the power of the super-Gaussian.

An error of less than 3% in the output fluence calculation will occur if all of the
above parameters (g,/g1, G,, and I;;(t)) are simultaneously varied. Obviously, if a more
accurate fluence solution is required or if temporal details are needed, then the differential
equations can be solved exactly. However, our empirical solution is convenient for a
reasonable and quick calculation of the performance of a laser material when the terminal

level lifetime must be considered.

6.6 Determination of 1,,,, from numerical modeling of gain saturation data

In 1982, a series of experiments were conducted by Yarema and Milam® to
measure the gain and saturation fluence of several neodymium-doped phosphate laser
glasses. In particular, these measurements included data for the phosphate glass LG-750.
The neodymium energy level diagram for this experiment was previously shown in
Figure 6.1. The experimental arrangement for measuring the relative energy of the main
laser beam entering and exiting a test amplifier is shown in Figure 6.6a. Calorimeters
were piaced in the path of both input and output diagnostic beams. A 5 mm diameter
aperture was placed in the center of each diagnostic beam and the spatially averaged
fluence was calculated as the ratio of thc energy transmitted through the aperture to the
area of the aperture. The diagnostic beam fluences were related to the main laser beam
fluences through Fresnel coefficients of the bare beam splitters. The source laser provided

fluences up to 3 J/cm? for 1 and 20 ns square pulse durations. In Figure 6.6b the fluence-

out versus fluence-in data points for two different pulse lengths are shown for LG-750.
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The numerical solution (shown as the overlaid solid curve) was found by allowing the
terminal level lifetime to vary within the modified Frantz-Nodvik solution for energy
extraction (Eqn. 24). A least squares fitting routiné varied the T,,, lifetime until the 2
fitting error was minimized. The best fit to the extraction data yielded a lifetime of 1,,,, =
280 ps with an uncertainty of + 100 ps.

The single ion cross section G, used within the equations of Section 6.3, assumes
a homogeneous distribution of sites surrounding the Nd ions. However, it is well known
that in glassy materials such as LG-750, the actual site to site differences can lead to hole
burning. A rigorous model for describing energy extraction in an inhomogeneous medium
like LG-750, might include a line shape function for the emission cross section. However,
we have found that a very simple model, one that just assumes two kinds of ion sites exist
(with cross sections 0] and 0,), is sufficiently accurate to model the extraction data for
LG-750. This model has been discussed in detail in a previous publication and its
derivation will not be repeated here®. However, we mention that the modified Frantz-
Nodvik solution (Eqn. 24) is still used. In brief, the gain medium is partitioned into N
slices. The initial pass through the first slice is with the cross section #1 (c;) substituted
into Eqn. 24. The second pass through the first slice is with cross section #2 (0,)
substituted into Eqn. 24. The process is repeated for all N slices. The results (discussed in

the previous paragraph) of 1,,, = 280 ps were obtained with this method.

6.7 Comparison of 1,,,, values obtained from time resolved experiments

A reproduction of the data taken (open circles) employing the pump-probe
experiment previously described in Chapter 2 is shown in Figure 6.7 for LG-750. The
numerical model (solid curve) of the data includes information about the 41;5,,—%1;,,, and
41;12-%g, nonradiative transitions. Recall that a lower bound was calculated by
correcting the effective lifetime for the 200 cm! smaller gap in the 41, -4y, transition.
The terminal level lifetime evaluated with this assumption was found to be 250 ps with an

error of +100 ps; a value very close to that derived from the analysis of the energy

extraction data in Figure 6.6b.




125

In Chapter 3 we described a time-correlated single photon counting method to
measure the nonradiative lifetimes for the 4G;,—4Gsj,,2Gy), nonradiative transition in
LG-750. In Figure 6.8 we reproduce the 600 nm emission data (open circles) for LG-750
where the kinetic numerical modeling is shown as the overlaid solid curve. Recall from
the introduction that the 4Gy;,-%Gs,,2Gy, energy gap is nearly the same as the
41,,/,~*y,, gap, and is therefore expected to experience a similar relaxation time”®. The
41,12~y nonradiative lifetime inferred from our kinetic analysis is T,,, = T;, =228 ps £
50 ps on the basis of the 4Gy,—~%Gs5/,,2G/, relaxation time. In comparing these values
with the terminal level lifetime from the gain saturation data it was found that each of the
three independent experiments yielded very similar results. The average value of the
terminal level lifetime of L.G-750 at room temperature is found to be 253 ps with a RMS

error of & 50 ps.

6.8 Conclusion

We have modified the definition of the saturation fluence to include the extracting
pulse width and the terminal level lifetime. The modified saturation fluence was
substituted within the Frantz and Nodvik analytic solution and used to model extraction
data previously taken by Yarema and Milam. The use of Eqn. 24 (with the input
parameters and restrictions described Eqns. 29 a-d) allows determination of the output
fluence to within 1.5% of the exact numerically computed value. Errors of less than 3%
are incurred if the input parameters are varied as discussed in Section 6.5.

In addition we have deduced the terminal level lifetime of the neodymium-doped
phosphate glass, LG-750, from three independent measurements. The results show

remarkable agreement and suggest that the indirect method for determining the terminal

level lifetime can be employed with an uncertainty of less than a factor of 2. The average

lifetime of LG-750 for all three experiments yields 253 ps with a RMS error of + 50 ps.
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Figure 6.1 Energy level diagram showing the 1 pum transition in Nd-doped phosphate
glass where the terminal level lifetime is defined as the time for the neodymium
population to decay from the 4I;;,, state to the %Iy, ground state. When an extracting
pulse is passed through an amplifier medium its output can be dependent on the terminal
level lifetime. Through numerical modeling of the extracted energy, T, can be
determined.
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Figure 6.2 In the numerical calculations (solid lines) for the fluence out of an amplifier
are shown for three different values of R, where R is defined as the ratio of the extracting
pulse width to the terminal level lifetime. The empirical solutions are also shown (open
circles) along with the corresponding values of B(R) and 2.
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Figure 6.3 Over 1000 best fits of the empirical solution (Eqn. 24) to the exact numerical
solution (Eqn. 23) were made in order to form a nearly continuous curve of B(R) values
(solid line). The B(R) curve shown is for a square input pulse shape.
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Figure 6.4 (a) A sum of one and two exponential functions is shown. However, a sum of
three exponentials (b) best describes the B(R) curve.
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Figure 6.5 Four super-Gaussian input pulse shapes (n = 2, 4, 6, and 30) are plotted. If the
pulse width is defined as the full width at 0.24 of the peak amplitude (Ty), then a single
B(R) curve (corresponding to n=30, square pulse) can be used for essentially all Gaussian
input pulse shapes.
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Figure 6.6 (a) the experimental scheme’, and (b) data and model from the energy
extraction experiment. Analysis of the data yields 7, = 280 ps £ 100 ps.
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Figure 6.7 Analysis of the data from the pump-probe experiment for LG-750 yields
T = 250 ps + 100 ps.
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Figure 6.8 Analysis of the data from the photon counting experiment for LG-750 yields
T112pETn = 228 pPs 50 ps.
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Summary

We have measured the terminal level lifetime (T12) for the 1 pm neodymium
transition in several laser media using a novel pump (2.41 pm) and probe (1.06 pum)
technique. This method allows us to directly populate the 413/, level and subsequeﬁtly
- monitor the terminal level 41y, population as a function of time by observing the change
in intégrated fluorescence of the 0.88 wm emission for each time delay between the pump
and probe pulses. We developed a computer model to analyze the data and determined the
upper and lower limits for the 7Ty, lifetime. The results for some of the materials
investigated are: 115-225 ps for Nd:Y3Al501,, 250-450 ps for Nd:LG-750 (phosphate
glass), 535-740 ps for Nd:LG-660 (silicate glass), 896-1900 ps for Nd:YAIOj3, and 10.5-
20 ns for Nd:LiYF4. In addition, we found the lifetimes to be independent of the
neodymium doping concentration for the phosphate and silicate glasses investigated.

We investigated an alternative experimental method for inferring the value of the
terminal lifetime. In this method, we employed a time-correlated photon counting scheme
to measure the T2 lifetime for the *G7;,—*Gs/2,2Gyy» transition in 30 different Nd-doped
glasses and crystals. A comparison of 711/, lifetime measured from the direct pump-probe
method and the 175, lifetime from the photon-counting method, indicates that the value of
the terminal lifetime can be predicted to within a factor of two for most Nd-doped
materials. This comparison is useful, since the indirect method provides the simplest
technique for determining the 1;;,, lifetime. Recall that the comparisons between the 711/
and 17, lifetimes can be made on the basis of the energy gap law which postulates that the
nonradiative lifetimes of two different electronic transitions should have the same
measured value provided the energy gaps are also similar. These experiments also suggest
the validity of the energy gap law, and therefore indicate that the “lower limit” from the
pump probe data is likely to be more closely aligned with the actual *I;y, lifetime.

In addition, we measured the temperature dependence of the 17, lifetime of two

glasses: LG-750 and LG-812. As expected, we found that for the phosphate glass,

LG-750, the 17, lifetime did not significantly change as the temperature was lowered to
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18.3 K. This is because order of the process or the number of phonons necessary to bridge
the energy gap was close to unity thereby making the nonradiative rate only weakly
dependent on the temperature. The fluorophosphate glass however, exhibited an
unexpected result when the temperature was lowered to 18.3 K. We found that the
lifetime of the decay shortened from >1 ns to 230 ps, a value similar to that of the
phosphate glass, LG-750. This observation could indicate that phosphate complexes in
LG-812 are primarily responsible for the transfer of energy from the Nd ion to the
surrounding host when the temperature is substantially decreased.

The validity of the energy gap law has been tested in several materials for
nonradiative transitions with energy gaps that are greater than 1500 cm™. Using the
measured Tsy; lifetime data from this work, we were able to plot the nonradiative rate as a
function of the energy gap for several Nd-doped crystals (YAG, YALO, YLF, YVOq, and
GGG-GSGG) and three glasses (phosphate, silicate and fluoride). We found that an
exponential dependence of the nonradiative rate with the energy gap is still obeyed.
Although the energy gap law is a useful expression for predicting nonradiative rates, we
have investigated an alternative method based on energy transfer theory that incorporates
the measured absorption coefficient of the material. Using this technique we investigated
two oxide crystals: YAG, YALO, and a fluoride crystal, YLF, and found that the
logarithm of the nonradiative rate followed a nearly linear dependence with the logarithm
of the absorption coefficient.

Based on the importance of the terminal level lifetime and its use in many laser
physics models, we have formulated an empirical expression for the saturation fluence in
neodymium-doped phosphate amplifier glass that explicitly depends upon the ratio of the
pulsewidth to the terminal level lifetime. The empirical saturation fluence, when
substituted within the Frantz and Nodvik solution for energy extraction, can be used to
accurately model the energy extracted from Nd:phosphate glass amplifiers. If the input
parameters (gain, upper and lower laser level degeneracies and input pulse shape) are
varied within the ranges discussed, then the output energy of an amplifier medium can be

calculated with an error of less than 3%. In the second part of the paper, we compare

experimental gain saturation data using phosphate laser glass (Schott glass, LG-750) with
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our empirical solution and determine the terminal level lifetime from a best fit to the data.
We compare this value with the results from two previously discussed independent
experiments: a pump-probe measurement and a less direct emission measurement. It was
found that all three experiments yielded similar results. The terminal level lifetime of
LG-750 at room temperature is found to be 253 ps with a RMS error of + 50 ps.

Accurate measurements of the terminal level lifetime as well as other nonradiative
lifetimes continue to be an interesting topic in many physics articles. In this work, we
have attempted to introduce a novel and yet direct experimental approach as well as
validate the use of simpler method. New experimental techniques continue to give insight
as to whether existing theoretical models for predicting nonradiative relaxations rates are
accurate and useful. Studies which provide an increased understanding of the mechanisms
involving multiphonon emission are a challenging theoretical topic. Following the work
of others, we have shown data which suggests that a correlation may exist between the
theories of multiphonon theory and infrared absorption theory. This opens up many
possibilities for deducing the nonradiative relaxations rates from host absorption data.
Further work in this area is encouraged since experimentally simple techniques which

allow for order of magnitude estimates are valuable and useful.

Recycled
Recyclable




