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Evaluation of Absorption and Emission Properties of

Yb’* Doped Crystals

for Laser Applications
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and William F. Krupke

Abstract—The emission and absorption properties of numer-
ous host crystals doped with Yb** jons have been studied. The
hosts which have been selected present a variety of crystal field
environments for the ytterbium ion, including fluoride and ox-
ide crystals with six-, seven-, eight-, nine- and twelvefold co-
ordinated substitutional sites. The crystal compounds include
LiYF,, LaF;, SrF,, BaF,, KCaF;, KY;F,y, Rb,NaYFg, BaY,Fj,
Y,Si0s, Y;A1:0,;, YAIO;, LuPO,, Cas(POy),F, LiYO,, and
ScBO;. Spectral determinations have been made of the reso-
nant absorption and emission cross sections between 850 and
1100 nm, and the emission decay times of the upper laser level
have been measured. The emission cross sections have been
evaluated using the absorption cross section and principle of
reciprocity, and again using the Fiichtbauer-Ladenburg for-
mula. Agreement between the two methods is within 20% for
most materials. The results of this survey are discussed in the
framework of requirements for an effective diode-pumped Yb**
laser system. Cas(PO,);F:Yb is predicted to exhibit the most
useful laser properties and is expected to be superior to
Y;Al;0,,: Yb in many key spectroscopic parameter values.

I. INTRODUCTION

IODE lasers offer many desirable properties for laser-
pumped laser applications. They are compact, effi-
cient, may be wavelength tuned to match a particular
pump transition, and have a highly directed and focusable
output. Consequently, it is possible to exceed pumping
efficiencies of 90% with diode lasers. Moreover, high
peak optical densities of the pump transition will result in
smaller laser elements and more compact designs than are
possible with flashlamp pumping. Selective diode pump-
ing also leads to reduced heating of the laser medium due
to the lower quantum defect between the pump and laser
photon energies, thereby minimizing thermal lensing and
the possibility of catastrophic fracture. Additionally,
diode lasers are reliable pump sources, with long operat-
ing lifetimes. These properties and a progressively de-
creasing price of pump power contribute to the overall
attractiveness of diode laser pump sources.
Recent advances in high performance strained layer
diode lasers with wavelengths between 0.9 and 1.1 um
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have stimulated interest in diode pumped Yb>* lasers [1],
[2]. The ytterbium ion is ideally suited for diode-pumping
since it has a very simple energy level scheme with de-
sirable properties for a laser system. Yb>* has a4 ' shell
which lacks one electron compared to a filled shell. There
are only two manifolds, the ground *F, /» state and an ex-
cited *Fs/, state, which are separated by approximately
10 000 cm™". Since only a single spectral band is avail-
able for pumping energy into the system, the previous use
of the white light from flashlamps rendered Yb impracti-
cal as a laser ion [3]. Reinberg et al. were the first to
employ a narrow band source to pump Yb ions. In this
early work, they used an incoherent Si:GaAs diode to
pump Yb: YAG at low temperature [4]. The recent intro-
duction of InGaAs laser diodes allowed the effective cou-
pling of pump light into the gain medium, so as to permit
the efficient room temperature operation of Yb: YAG [5].
Furthermore, because there are no additional 4f energy
levels, as in other trivalent rare earths, complications in
laser media which result from concentration quenching,
upconversion and excited state absorption are not antici-
pated to affect laser performance. Most other laser ions
such as Nd** and Er'*, do encounter some detrimental
impact and design limitations from these effects.

Recent calculations by Krupke and Chase [6] have sug-
gested that InGaAs-pumped Yb: YAG (Yb>™ in Y;ALO,,)
might serve usefully as an energy-storing laser system.
Subsequent work by T. Y. Fan and co-workers [5] in-
volved the demonstration of an efficient InGaAs diode-
pumped Yb:YAG oscillator. The purpose of the paper
reported here is to survey the optical properties of nu-
merous crystals doped with Yb>* in order to assess their
potential laser performance in diode pumped systems and
to identify Yb-gain media potentially superior to
Yb: YAG. Our interest is twofold: to study and under-
stand the energy levels and special features of the ytter-
bium ion in various crystal field environments, and also
to identify specific candidates for laser operation.

This paper reports absorption and emission cross sec-
tions of the *F, /2—2F 5 /2 transition, and the upper laser level
lifetimes of the Yb** ion for numerous oxide and fluoride
crystals. The experimental procedures are described for
the absorption and emission spectroscopy and the mea-
sured emission lifetimes in Section II. The emission cross
sections have been evaluated using the method of reci-
procity and the Fiichtbauer-Ladenburg formula and are
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TABLE I
Yb'* DopPED CRYSTALS USED IN THIS PAPER
(ZM = zone-melting; CZ = Czochralski; BM = Bridgman; D = distorted version of structure type; LLNL = Lawrence Livermore National Laboratory;

ORNL = Oak Ridge National Laboratory)

Concentration Density Growth Optical Crystal Substitutional
Host (10°Yb** /cm?) (g/cm’) Source Method Class Structure Type Site, Coord. No.
LiYF, (YLF) 1.44 3.77 Sanders CZ Uniaxial Scheelite Y,.8
LaF; 0.22 5.94 LLNL ™M Uniaxial Tysonite La,9
SrF, 0.10 4.24 Optovac BM Isotropic Fluorite Sr.8
BaF, 0.16 4.83 Optovac BM Isotropic Fluorite Ba,8
KCaF, 1.40 2.67 LLNL BM Biaxial Perovskite (D) Ca,6
KY;F, 1.45 4.31 LLNL M Isotropic — Y.8
Rb,NaYF, 1.03 ~3.4 LLNL ™M Isotropic Elpasolite Y.6
BaY,F; 1.40 4.97 LLNL M " Biaxial - Y.8
Y,Si0s (YOS) 1.83 4.44 LLNL CZ Biaxial - Y.6
Y;Al50,, (YAG) 1.36 4.55 LLNL CZ Isotropic Garnet Y.8
YAIO; (YALO) 6.82 5.35 LLNL CZ Biaxial Perovskite (D) Y, 12
Ca, (PO,);F (FAP) 0.36 3.19 LLNL cz Uniaxial Apatite Cay,7
LuPO, 0.80 5.53 ORNL Flux Uniaxial Zircon Lu,8
LiYO, 2.27 4.12 LLNL CZ Biaxial Rock salt (D) Y.6
ScBO; 1.32 3.45 LLNL CzZ Uniaxial Calcite Sc,6

both discussed in Section III. The results of our measure-
ments are presented in Section IV. Section V contains an
analysis and summary of the relevant properties of Yb,
and our conclusions are stated in Section VI.

II. EXPERIMENTAL METHODS
A. Crystal Samples

Fifteen samples of different oxide and fluoride crystals
doped with Yb** were obtained from a variety of sources.
Table I lists optical class, measured Yb** concentration,
density, source from which each was obtained, growth
method, crystal structure type, and the coordination num-
ber of the rare earth substitutional site. Additional sam-
ples of BaF, and SrF, doped with different Yb** concen-
trations were also examined. The samples reported are
those for which the Yb** existed in an unclustered site
environment. The ytterbium concentrations were deter-
mined at Lawrence Livermore National Laboratory
(LLNL) by inductively coupled plasma (ICP) atomic
emission spectrometry or by ICP mass spectrometry.

B. Conventional Spectroscopy

All of the data reported herein were obtained at room
temperature. A Perkin-Elmer Lambda 9 Spectrophotom-
eter and commercial software package were employed for
acquisition of the absorption spectra. Polarized absorp-
tion spectra were obtained in the cases of optically ani-
sotropic crystals from samples large enough to be fabri-
cated into cubes oriented along their dielectric axes.

The emission spectra were acquired by exciting the ori-
ented sample with a Nd: YAG laser-pumped dye laser us-
ing the LDS-698 dye. The LDS-698 laser light in turn was
converted to the 1 um region by way of a H, Raman shift
cell. The sample emission was dispersed with a grating
monochromator blazed at 1 ym, and an S-1 photomulti-
plier tube was positioned to detect the signal. A standard
lamp was utilized to determine the sensitivity of the

monochromator/detector combination and all spectra were
corrected accordingly. The data acquisition was accom-
plished with the help of an IBM computer model PS2. A
Stanford Research Systems boxcar/interface system was
controlled using software developed in our laboratory.
Lifetimes of the Yb** ions were measured by utilizing
the same detector and source described for the emission
measurements. The monochromator was set to monitor the
emission at discrete wavelengths between 950 and 1050
nm. A Nicolet LAS 12/70 transient digitizer accumulated
and averaged the electrical output of the S-1 PMT after it
passed through a discriminator. Data were transferred and
handled numerically by a desktop Hewlett Packard com-
puter. The reported lifetimes are the best fit exponentials.

III. EmissioN CRoss SECTIONS

The emission cross sections are determined using either
the method of reciprocity (RM), or the Fiichtbauer-Lad-
enburg (F-L) formula, and we have carried out both de-
terminations where sufficient information is available. The
cross section obtained by reciprocity requires absolute po-
larized absorption cross sections and detailed knowledge
of the system’s energy levels and degeneracies. The input
parameters for the F-L formula are the emission line shape
function, the radiative lifetime and the refractive index.
Whenever possible, both methods are employed to inde-
pendently check the accuracy of the measurements. The
theoretical details concerning the cross section determi-
nations are discussed in subsections A, B, and C. Part D
of this section contains a brief description of the absorp-
tion and emission properties desired of the diode-pumped
Yb-laser material.

A. The Method of Reciprocity

The basis for reciprocity [6]-[8] may be described by
writing the emission and absorption cross sections in terms
of the energy levels E; and degeneracies d,. The sum-
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mation of the individual cross section g; between the ith
and jth lower and upper energy levels can be formulated
to describe both the absorption and emission cross sec-
tions:

3exp (—E;/kT)
o) = T g R CEID Ly g
[y u
exp (—E;/kT
Ous () = 2 d; ST HRD Z / )a,-j(y) d; 2
ij i
where Z, the partition function, is defined as
Z, = ; d, exp (—E,/kT). 3)

The partition functions are simply equal to the degenera-
cies of the two states at high temperature. The o (») func-
tions contain line shape information. In each case, the
energies E and the partition functions Z are measured from
the lowest crystal field level of the 2F;/,, (I), and rthe
2F, /2, (u), electronic states.

The use of reciprocity, o; = o0j;, and the division of (1)
by (2) is used to obtain an emission cross section in terms
of the absorption cross section. It will also be helpful to
first define an energy parameter, the zero-line energy, E;,
to be the energy separation between the lowest compo-
nents of the upper and lower crystal field states. Thus, a
particular energy separation may be written as:

Ej - Ei = hy — EZL '4)

Now, the emission cross section is readily formulated
from the absorption cross section with energy level pa-
rameters, Ez;, Z;, and Z, as follows:

Tem (V) = Oaps (V) ? exp [(Ez — hv) /kT]. 5

The reciprocity method may be employed for those ma-
terials with appropriately detailed energy level data. The
energy level determinations extracted from the literature,
which were generally made at low temperatures, are com-
bined with our spectral measurements which have been
obtained at room temperature. This temperature differ-
ence should have only a negligible effect on our results,
however. Interestingly, the line shape function is simply
multiplied by the ratio of the partition functions Z, /Z, and
the exponential function containing the zero-line energy,
exp (Ez /kT), and consequently, does not influence the
spectral shape, but only the magnitude, or scaling, of the
cross section. The absorption line shape is transformed to
that of the emission solely on the basis of the
exp (—hv /kT) term.

B. Fiichtbauer-Ladenburg Equation

The fundamental relationship between spontaneous and
stimulated emission rates embodied in the Fiichtbauer—
Ladenburg (F-L) equation allows a straightforward cal-
culation of the emission cross section using input param-
eters which are readily attained. The form of the equation
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is [9]:
N g )
87("12 Trad '

Q)

Oem (V) =

Here, n is the refractive index, 7,,, is the radiative life-
time, and g (»), the normalized line shape function for po-
larization « in units of photons per second, is

i 38,
g(”)zzs-
s (]

)

The three polarized emission spectra are summed in the
denominator (for the anisotropic crystals). The corrected
emission spectra S,, in photons /s have been determined
for the Yb-doped crystals discussed in this paper. Al-
though the emission decay times 7,,, have also been mea-
sured as described in Section II, the actual radiative life-
time 7,,, may potentially be different as a result of
quenching by impurities and effects of clustering in the
case of charge compensated samples. Where no additional
information is available 7,,; = 7,,, was utilized.

C. Corroboration of Emission Lifetimes

For several samples, both the cross section determined
by the RM and the cross section calculated by the F-L
equation are available. Our means of corroborating the
emission lifetimes is displayed in Fig. 1, using Yb: YAG
as an example. First, the absorption spectrum (o) is
converted into a ‘‘calculated’” emission spectrum ¢4 by
way of the RM (part A). The F-L method is then em-
ployed to obtain a completely independent assessment of
the emission cross section, using the ‘‘measured’’ emis-
sion spectrum g (») and lifetime 7,,,. Now, it is possible
to independently check the measured lifetime 7,,, against
a calculated value of 7,,, obtained using the results from
the two cross section evaluations. For this procedure, we
set 05 equal to o™ and solve for the T,q¢ Value which
gives the best agreement overall, see part C of Fig. 1.
(The procedure is straight-forward in cubic crystals for
which only a single unpolarized spectrum is required. An-
isotropic crystals, however, require several polarized
spectra in order to determine the value of 7,,, that ac-
counts for all of the polarizations.) The agreement typi-
cally obtained between the measured emission decay time
7.m and the calculated radiative lifetime 7,,, is within 20%
for cases in which all of the necessary information is
available, see parts D and E of the figure.

D. Energy Extraction from Diode-Pumped Systems

We are interested in the potential performance of a
diode-pumped Yb laser. Thus, both emission and absorp-
tion properties of the Yb** ion must be evaluated to de-
termine if the material can adequately perform in this des-
ignated application. An accurate measure of the emission
cross section is needed to assess the emission saturation
fluence F,, at the extraction wavelength \,,, [10]

Fexr = hc/aexr)\m- (8)
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Evaluation of emission cross section parameters for Y3Al5045:Yb
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Fig. 1. The determination of emission cross sections and the corroboration
of emission lifetimes are outlined using Y;Al;0,: Yb (YAG:Yb) as an
example. a) Using the equation for reciprocity, the absorption cross section
0.s for YAG:Yb is converted to a ‘‘calculated’” emission cross section
05 b) Using the Fiichtbauer-Ladenburg equation, the *‘measured’” emis-

sion cross section o of YAG: Yb is obtained from the experimentally

obtained emission spectra g (») and emission decay time 7,,,. ¢) The radia-
tive lifetime 7,,, is obtained by matching the calculated and measured emis-
sion cross sections and solving for 7,,, in the Fiichtbauer-Ladenburg equa-
tion. d) The comparison of r,,, and 7,,, reveals consistent values within
15% for YAG: Yb.

Here, o,,, is the value of the emission cross section (o,,,)
at the chosen extraction wavelength. Smaller values of
F,. allow for simpler means of extraction for the case of
a laser amplifier, and also lead to a lower threshold for a
CW oscillator type configuration. The actual magnitude
of g, which is most useful will depend on the pulse
length, pumping conditions, the damage threshold of the
optical components and other factors. For nanosecond
timescale pulse lengths, emission cross sections in the
range of o,,, > 107" cm? are generally required.

The extraction efficiency and laser threshold of Yb-
doped materials are also strongly impacted by the pres-
ence of ground state resonance absorption at the laser
wavelength. All Yb lasers are expected to be quasi-four-
level systems. Thus, it is first recognized that the maxi-
mum fraction of the stored energy that can be extracted
under the most desirable conditions (where all the-Yb ions
are pumped to the excited state and the fluence of the ex-
traction beam is much larger than F,,), is given by

Uexr ( xL’X)‘)
Oert Nex) T Oaps (Ner) .

Essentially, the laser field reaches equilibrium with the
material, and the upward and downward transition rates
become equal as the magnitude of f,,,, is approached. Us-
ing (5), (9) can be rewritten as

Jrnax(N) = ®

-1
Jrax(N) = él + %exp [(he /N — EZL)/kT]} )
1
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The energy difference A E between the photon energy and
E is primarily determined by the energy of the terminal
level above the ground state. If we take the partition func-
tion ratio Z, /Z, to be roughly unity, we can estimate that
the extraction efficiencies F,,,, will be 0.50, 0.73, 0.88,
and 0.95 for AE = (Ez — hc/N) values of 0, 205, 410,
and 615 cm™', respectively, (kT at room temperature is
205 cm™"). The more useful Yb laser materials operating
in a short-pulse extraction mode, will therefore require
AE > 400 cm™'. In other words, the system will operate
most efficiently if the extraction occurs at the longest fea-
sible wavelength that remains consistent with an adequate
emission cross section.

For all configurations of efficient diode-pumped Yb-
laser systems, it will be necessary to drive a substantial
fraction of the ground state Yb ions to the excited state,
in order to achieve adequate gain (and to overwhelm the
ground state absorption losses). The ease with which this
ground state depletion may be accomplished depends on
the absorption cross section o, and the emission lifetime
Tem- This is described by the pump saturation intensity
parameter:

Ixal = hV/(aabs Tem)'

11

The importance of I, can be recognized by noting that
the fraction of excited Yb ions is given by I, /1, in the
low doping limit, where I, is the absorbed pump power.
Since InGaAs diode sources are regarded as peak-power-
limited devices, clearly a long emission lifetime is favor-
able in order to accumulate a greater population inversion
for a given peak power. We can also calculate the mini-
mum fraction of Yb** ions that must be excited such that
the ground state absorption and the gain exactly balance,
and there is net transparency at \,,,. This quantity 3,,, is
simply given by [3]

0 abs (Nexd)
Oext ( )\exl) + Oaps ( xe):t) .

6min = (12)
Notice that 8,,;,, = 1 — f,..., as is reasonable, see (9).

For the case of a crystal having low absorption at the
pump wavelength, the minimum pump intensity required
to achieve transparency at the extraction wavelength is
given by

Imin = Bmin Imi

where we have obtained (13) by setting the fraction of
excited Yb ions (I, /1,,,) equal to the required fractional
excitation of 8,,,, such that I,,;, = I,.. I.;, may be inter-
preted as the absorbed pump intensity required to reach
threshold in an otherwise lossless oscillator, or to have
the absorption and gain become exactly equal at the cho-
sen extraction wavelength A, in an amplifier configura-
tion. The interdependencies of the key spectroscopic pa-
rameters, in relation to the design of strongly pumped rare-
earth lasers, has been given for Yb: YAG [6]. A large o,
permits a lower Yb doping level to be used for the gain
element (of a given size). This in turn leads to a lower

13)
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resonance absorption loss coeflicient and therefore to a
higher small-signal gain coefficient for a given pump flux.
I,;, will later be utilized as a figure-of-merit, by which to
order the relative usefulness of various Yb-doped media.

In the ensuing sections, the results of our spectroscopic
measurements are discussed with attention to their poten-
tial usefulness in a diode-pumped Q-switched oscillator
or a nanosecond-pulse amplifier configuration.

IV. REsSULTS

Samples were selected which allow the study of the
Yb** ion in a variety of crystal field environments in or-
der to characterize the range of spectroscopic properties
that are possible. The Yb*>* ions occupy sites of true oc-
tahedral symmetry in the Rb,NaYFg host, which crystal-
lizes with the elpasolite structure, as noted in Table 1. For
SrF, and BaF,, which possess the fluorite structure, the
cubic eightfold site symmetry is only mildly disrupted by
the charge compensation required when trivalent ytter-
bium replaces the divalent metal ions. KCaF; is another
example of a Yb** replacing a divalent cation in a cubic
site, although here the Ca site is sixfold coordinated for
this distorted perovskite structure. Several of the selected
crystals exhibit a distorted eightfold coordination, includ-
ing LiYF, (scheelite structure), BaY,Fg, KY;Fq,
Y;Al;0,, (gamet structure), and LuPO, (zircon struc-
ture). Y,SiOs actually has two sixfold coordinated yttrium
sites which are nearly identical. The sixfold coordinated
site of ScBO; (calcite structure) is centrosymmetric, while
it possesses strong odd parity fields for LiYO, (distorted
rock salt structure). Yb>* in LaF; is ninefold coordinated
by fluorines, and is twelvefold coordinated in YAIO; (dis-
torted perovskite structure). The substitutional site in
Cas(POy);F (apatite structure) includes both fluorine and
oxygen, and involves a highly irregular sevenfold coor-
dinated site.

The measured emission and absorption spectra obtained
between 850 and 1100 nm are presented for each material
in Figs. 2-4. Each frame in the figures has the polarized
absorption and emission spectra plotted on an absolute
cross section scale. A single, unpolarized spectrum fully
describes optically isotropic crystals, while several polar-
ized spectra measured parallel to the dielectric axes may
be required for anisotropic crystals. Two spectra are
needed for uniaxial and three spectra are needed for biax-
ial crystals to characterize the electric-dipole transitions.
The resonant transition of Yb>" is, however, also mag-
netic-dipole allowed. Thus, in order to account fully for
the oscillator strength, spectra would have to be acquired
for additional orientations. The contribution of the mag-
netic dipole to the oscillator strength may be significant
for some crystals; the calculated magnetic-dipole lifetime
of the Yb>* ion, following Carnall ef al. is approximately
15 ms for a fluoride [11]. We have only observed life-
times on this order for three crystals: CaF,, SrF,, and
Rb,NaYF¢. Now, since all of these crystals are cubic, only
a single unpolarized spectrum is required in any case. As
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a result, we assume that two (three) spectra are sufficient
to fully characterize the uniaxial (biaxial) systems, since
these crystals are minimally influenced by the magnetic-
dipole contribution.
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TABLE I1
PARAMETERS FOR 6,,, CALCULATIONS OF Yb**-DoPED CRYSTALS
(est = estimated; parentheses reflect uncertainty in the value of the quantity)

Zero-Line Partition Function Refractive
Host Az (nm) Ratio, Z,/Z, Index, n,,,, References
LiYF, 972.0 0.88 1.455 [12]
LaF; 974.7 1.41 1.597 [13]
StF, 966.5 (0.97) 1.438 [14,15]
BaF, 966.7 (0.97) 1.473 [14,15]
KCaF; (972.0) (0.73) 1.378 [16]
KYF,o 974.2 1.24 1.500 [17,18]
Rb,NaYF, (968) (1.0) 1.403 [19,20]
BaY,Fg (972.6) (1.0) 1.521 [21]
Y,SiO;5 (979) (1.0) 1.790 [22]
Y,ALO,, 968.3 0.80 1.820 [23,24]
YAIO, 978.5 1.09 1.956 [25-27]
Cas (PO,)-F 981.5 1.1 1.630 [28.29]
LuPO, 976.1 0.96 1.83 (est.) [30]
LiYO, (972.6) (1.0) 1.82 (est.) [31]
ScBO; (974.6) (1.0) 1.84 [32]

Several of the parameters which are necessary to cal-
culate the emission cross sections utilizing the F-L equa-
tion or the method of reciprocity (5) and (6) are listed in
Tables I and II [12]-[32]. These include the impurity con-
centrations in Table I which were needed together with
the sample length to obtain absolute absorption cross sec-
tions. The energy level positions obtained from the liter-
ature, and the average refractive index are given in Table
II. (A listing of the references by material is presented as
well.) It should be noted that, in some cases, where not
all the energy levels of the electronic state were found,
the calculated partition function was scaled to account for
the missing levels. To scale the parameters, each partition
function was multiplied by the number of levels expected
divided by the number found.

The important spectroscopic parameters are listed in
Table III, and the measured emission and absorption
spectra are shown plotted on an absolute cross section
scale in Figs. 2-4. The tabulated entries for the lifetime
and cross section have been determined using the proce-
dures described previously in Section II. In particular, the
lifetimes reported in column 2 are the measured emission
decay times. Column 3 is the calculated radiative life-
time. Column 4 is the value 7, judged to be the most rea-
sonable for calculating the emission cross section using
(6): either column 2, column 3 or their average. The
emission cross sections presented in Figs. 2-4 have been
calculated from (6) using 7, from column 4. The cross
section value o,,, reported in Table III corresponds to the
selected extraction wavelength A,,, where an asterisk
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TABLE II1
EMISSION PROPERTIES OF Yb** IN CrYsTAL HOsTs
(1, = measured emission lifetime: 7,,, = lifetime calculated by reciprocity; 7, = average or selected
lifetime; AE = E; — hv; §8,,, = minimum fractional population inversion required to have transparency
at the extraction wavelength; 0., = emission cross section at extraction wavelength judged to be optimal;
parentheses suggest greater uncertainty in the magnitude of the quantity.)

Tem (MS), Traq (MS) 7, (ms)

Host Measured  Calculated  Selected A, (nm) AE(ecm™') 8, 0., (107°cm?)
LiYF, 2.16 2.27 2.21 1020 480 0.098 0.81
LaF; 2.22 2.10 2.16 1009 353 0.113 0.36
SrF, 9.72 (8.6) 9.2 1025 593 0.054 0.16
BaF, 8.20 (7.8) 8.0 1024 578 0.058 0.14
KCaF, 2.7 4.0) 2.7 1031 (593) 0.070 0.22
KY,Fy 2.08 1.66 1.87 1011 369 0.118 0.44
Rb,NaYF, 10.84 — 10.84 1012 (372) 0.140 0.10
BaY,F, 2.04 - 2.04 1018 458)  0.097 0.67
Y,SiO; 1.04 — 1.04 1042 (617) 0.047 0.33
Y;AlL0,, 1.08 0.93 1.01 1031 628 0.055 2.03
YAIO, 0.72 0.42¢ 0.42* 1014 353 0.141 1.31
Cas (PO,);F 1.08 1.30 1.2 1043 603 0.046 5.90
LuPO, 0.83 — 0.83 1011 349 0.160 0.53
LiYO, 1.13 — 1.13 1020 474) 0.090 0.56
ScBO; 4.80 — 4.80 1022 472) 0.091 0.19

“Only one of three polarizations accounted for.

marks the appropriate spectral features in Figs. 2-4. The
reported AE is the difference in photon energy between
the zero-line wavelength marked by an arrow in each fig-
ure and the extraction wavelength marked with an aster-
isk. The B,,, are calculated with (12) and are listed in
Table III.

A. Fluoride Hosts

Absorption and emission spectra for the two polariza-
tions of uniaxial LiYF,:Yb (YLF:Yb) have been ob-
tained and the cross section plots are shown in Fig. 2. The
energy levels were available from the literature [12] to
calculate the partition functions and E; values, as shown
in Table II, and thus cross section determinations using
the F-L and reciprocity methods were both carried out.
The measured emission decay time 7,,, and the lifetime
calculated on the basis of reciprocity 7,,, agree very
closely. The emission cross section has been calculated
using the average of these two values 7 = 2.21 ms. The
optimum cross section recorded in Table III for YLF is
for light in which E is polarized parallel to the ¢ axis; the
extraction cross section ¢,,, has a value of 0.81 x 1072°
cm’ and a AE of 480 cm ™.

The emission and absorption properties of LaF;:Yb
have been investigated. Emission cross section determi-
nations were completed using both the reciprocity method
[13] and the F-L equation. The measured emission decay
and the lifetime evaluated by the reciprocity method are
again in excellent agreement, as shown in Table III. Con-
sequently, the average lifetime of 2.16 ms is utilized in
the cross section determination by the F-L equation.
Spectra of the two polarizations for both absorption and
emission cross sections are plotted in Fig. 2. The emis-
sion cross section reported for LaF;: Yb is for light po-

larized such that E is parallel to the ¢ axis and is only
0.36 X 107* cm” and AE = 353 cm™'. In LaF;, AE
reflects the smallest ground state splitting we have ob-
served throughout this study. The LaF; spectra are poorly
articulated and appear primarily as a relatively unstruc-
tured broad band.

The host metal ions occupy a cubic eightfold coordi-
nated site in crystals of SrF, and BaF,. When trivalent
ytterbium ions substitute for the divalent cations, how-
ever, the actual site symmetry is disrupted by the intro-
duction of interstitial fluoride ions which provide the
charge compensation. This is similar to the situation re-
cently reported for Nd** in crystals with fluorite structure
hosts [33]. The nature of the site symmetry depends on
the impurity concentration, however, since at higher
dopant levels, various impurity clusters begin to form. In
order to more accurately determine the spectroscopic
properties for the fluorite structure hosts, we have exam-
ined BaF, and SrF, crystals doped with different concen-
trations of Yb>*.

At the lowest doping levels, the Yb®" impurities occur
as isolated ions distributed throughout the lattice. In these
crystalline media, the environment serves to break the in-
version symmetry via the introduction of interstitial fluo-
rides for charge compensation. The compensating fluor-
ide is relatively far from the Yb ion, however, since it
occurs at the next-nearest interstitial site (along the [111]
axis relative to the Yb ion). As a result, the transition
strength introduced into the 4f-4f transitions by the charge
compensation is small. With increasing impurity content,
the Yb** centers begin to cluster. The inversion symme-
try of the 4f wave function is disturbed to a much greater
extent in the clusters. Significant changes in the spectra
and absorption strengths bear this out. A series of absorp-
tion spectra were acquired with BaF, doped with 0.050,
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0.093, 0.255, and 0.562 weight percent. Unique cluster-
ing features evident in the absorption spectra appear for
samples at 0.255 weight percent and above, but not in the
lower concentration samples. Consequently, the onset of
clustering most likely occurs in the range of 0.1-0.2
weight percent (1.68-3.36 X 10" Yb ions/cm®). The
same type of evaluation has also been done for SrF, with
doping levels of 0.071, 0.152, 0.413, 0.768 weight per-
cent. In this instance, the onset of clustering has been de-
termined to lie between 0.2-0.4 weight percent (2.95-
5.90 X 10" Yb ions /cm®).

To assess the emission cross section and lifetime of the
isolated Yb*>* ion in the fluorite structure hosts that were
not clustered, we have characterized the samples with low
Yb content. Relatively long emission decay times have
been measured for the isolated Yb>* ion: BaF, with 7.,
= 8.20 ms and SrF, with 9.72 ms. The interstitial F ~ is
ineffective in inducing oscillator strength into the 4f-4f
transitions, which is apparent from the low values of o,,,,
BaF, having a value of 0.14 x 102° and SrF, with 0.16
x 1072 cm?, as shown on the right-hand side (RHS) of
Fig. 2. Although detailed energy level information was
unavailable for ytterbium in SrF, or BaF,, the isostruc-
tural compound CaF,:Yb is available for a comparable
analysis. The parenthetically reported entries in Table II
for the BaF, and SrF, hosts are approximations which are
derived from the CaF, data. Lifetimes of the highly doped
samples were shorter, being on the order of 2 ms.

The sample of KCaF;: Yb grown for this investigation
was of poor optical quality. The compound is anisotropic,
but KCaF; is derived from a slightly distorted perovskite
structure and is nearly cubic in nature. Thus, as a result,
an approximate treatment as an isotropic crystal was more
practical. The middle, RHS of Fig. 2 displays the unpo-
larized absorption and emission cross sections for
KCaF;: Yb. Since the Yb ions are most likely incorpo-
rated at the divalent Ca site, some charge compensation
is required to maintain electrical neutrality. The limited
success growing this crystal and the low values of the
measured cross sections, however, discouraged any fur-
ther study of clustering and compensation effects.

The perovskite type structure of KCaF; is similar to
compounds for which detailed spectroscopic data are
available, including KMgF;:Yb and KZnF;:Yb [16].
Here, the divalent cations are coordinated by six fluorine
ions, the supposed substitutional centers of the Yb** ion.
In each of these analogs, Yb>* emission properties arise
from sites having both cubic and trigonal symmetry. The
observed emission properties of Yb>* in KCaF; suggest a
single, noncubic site is preferentially occupied; a rela-
tively short emission decay time of 7,,, = 2.7 ms has been
measured, which is consistent with the lifetimes observed
in most fluoride samples without centrosymmetric cen-
ters. On this basis, the energy levels of the Yb** in tri-
gonal sites of the divalent metal for KMgF; and KZnF,
have been employed to model the energy levels in KCaF;.
The approximated values in Tables II and III are the result
of this procedure. The calculated radiative lifetime using
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the F-L equation was determined to be 7,,;, = 4.0 ms;
this does not agree so favorably with the measured decay
time of 2.7 ms. Due to the lack of better agreement be-
tween the two lifetimes and the uncertainty associated with
the energy levels, the measured emission decay, rather
than the average value, was selected for the calculation.
Consequently, o,,, = 0.22 x 107%° cm? was obtained from
the F-L equation at a AE ~ 593 cm™'. The zero-line
energy is probably represented by the sharp line at 972
nm, although without additional data we cannot be sure
that this suggestion is correct.

A crystal of the cubic compound KY;F,4: Yb has been
grown for our investigations. Large crystals of this ma-
terial are rapidly obtained with little difficulty. The eight-
fold coordination of Y** by the fluorine atoms is arrayed
in a crystal field of tetragonal symmetry. Detailed infor-
mation of the energy levels of Yb** in this site have been
reported [17], [18], and therefore the emission cross sec-
tion is determined using both the F-L equation and the
reciprocity method. Emission and absorption cross sec-
tions are presented in Fig. 2, lower right. The measured
and calculated lifetimes are in good agreement, and there-
fore the averaged value of 7, = 1.87 ms has been utilized
to determine the emission cross section. A cross section
of g, = 0.44 X 1072° cm? for AE = 369 cm™! have
been determined.

Another fluoride of interest is the cubic crystal of
Rb,NaYF¢: Yb [19], [20]. Fig. 2 contains the unpolarized
emission and absorption cross sections of this material.
The Y*" site has perfect cubic symmetry and, as a result,
the lifetime of the Yb** ion in such a crystal field is long,
Ten = 10.84 ms. This emission lifetime is close to the
value expected solely on the basis of the magnetic-dipole
transition moment of 15 ms. The odd parity vibrational
interactions are probably responsible for the residual dif-
ference from the measured lifetime. Energy levels for
Yb’* were unavailable for this compound so that the
measured emission decay time was utilized as the input
for the F-L equation, yielding the rather small emission
cross section of ¢,,, = 0.10 X 1072 cm?.

BaY,Fg is a monoclinic crystalline fluoride with a dis-
torted eightfold site symmetry [21]. The biaxial nature
requires three polarized spectra, each approximately along
one of the dielectric axes. The absorption and emission
cross sections are presented in Fig. 3. Insufficient energy
level information is available to evaluate the emission
cross section using the method of reciprocity, therefore
the measured emission decay time has been utilized in the
F-L equation to obtain o,,,. The optimum cross section in
BaY,F3:Yb is observed for light polarized along z, al-
though a similar cross section occurs for light polarized
along y. The YB3+ lifetime in BaY,Fg:Ybis 2.04 ms and
the extraction cross section is 0.67 X 1072 ¢m?,

B. Oxide Hosts

The RHS of Fig. 3 also portrays the emission and ab-
sorption cross section spectra for the biaxial crystal,
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Y,SiO5: Yb (YOS:Yb). The three different spectra ap-
proximately correspond to the three principal polariza-
tions of the dielectric axes. Two different sixfold coordi-
nated Y** sites are present in the crystal structure and the
Yb** ion may be situated at both of these [22]. The emis-
sion decay times were measured for Yb** in both sites,
but site environments are sufficiently similar so that the
nearly equal decay times were averaged and are reported
as a single value, 7., = 1.04 ms. Presently, the energy
level information required for the reciprocity method is
unavailable, therefore the emission cross sections have
been calculated using the measured decay time as the ra-
diative lifetime in the F-L equation. The reported cross
section value of o,, = 0.33 x 1072 ¢cm? is similar for
each of the three polarizations.

A sample of cubic Y3Al;0(,:Yb (YAG: Yb) has been
investigated and the unpolarized emission and absorption
cross sections are shown in Fig. 4. Energy levels are
known for Yb** in the distorted eightfold coordinated Y**
site [23], [24], and this information is used to calculate
the parameters reported in Table II. The method of reci-
procity and the F-L equation have both been utilized and
the calculated radiative lifetime was found to agree closely
with the measured emission decay time (0.93 versus 1.08
ms). A determination of the emission cross section has
been made using the average lifetime value 7, = 1.01 ms.
This gave o,,, = 2.03 X 1072° ¢cm? for AE = 628 cm™'.
We note that several reports of the magnitude of emission
cross section (1.8 X 1072° cm? and 2.2 x 10~% cm?) are
in accord with our results and stated accuracies [4]-[6].

The related yttrium aluminum oxide which has been in-
vestigated is the biaxial crystal YAIO;: Yb (YALO: Yb).
A full characterization of the emission and absorption
spectra polarized along the principal dielectric axes was
not obtainable from the unoriented sample available.
However, measurements of several random polarizations
were surveyed and no strong anisotropy was observed near
1.0 um. Fig. 4 contains polarized absorption and corre-
sponding emission cross section spectra. The energy lev-
els of YALO have been studied [25]-[27] and parameters
from the energy levels for the Yb** impurity are reported
in Table II. Because the full polarization dependencies
were not determined, an actual value for the radiative life-
time could not be calculated. The value of 7,,;, = 0.42 ms
reported in Table III is the value obtained where a single
polarized absorption and emission spectra are correlated
by reciprocity. This value is used to determine the emis-
sion cross section value using the F-L equation. The
measured emission decay time is 0.72 ms, and the emis-
sion cross section is 1.31 X 107%° cm?® for AE = 353
cm™ . »

The spectral data of Yb-doped Cas(PO,);F (known as
fluorapatite [28], [29], or FAP) are displayed in Fig. 4,
lower left, for each of the two required polarizations of
the crystal. These data represent the most remarkable
finding of our study. The sparse spectra exhibit only the
strong pump line at 905 nm, the emission line at 1043 nm,
and the sharp features representing the zero-lines of two
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very similar Yb ions. The pronounced articulation of the
spectra and a strong anisotropy, produce very large ab-
sorption and emission cross sections for light polarized
along the c axis, 6.9 X 1072 and 5.9 x 107%° cm?, re-
spectively. In contrast, an emission spectrum polarized
normal to ¢ possesses a considerably lower cross section
and may, as a result, lead to a mechanism by which am-
plified spontaneous emission (ASE) losses are reduced for
some amplifier designs. The calculated and measured
emission lifetimes of FAP: Yb are similar at 1.08 and 1.30
ms, and the AE = 603 cm™' value is suitably large to
permit efficient extraction at 1043 nm.

The RHS of Fig. 4 contains the absorption and emis-
sion spectra of three more oxides: LuPO,, LiYO,, and
ScBO; [30]-[32]. The orientational and polarization de-
pendence of these crystals were not taken into account,
consequently, the data on the RHS of Fig. 4 is only ap-
proximate. We utilized the measured decay time, along
with the single unpolarized emission spectrum that was
acquired, to calculate the emission cross section line shape
and magnitude. The similar magnitudes of the absorption
and emission cross sections evidenced in Fig. 4, however,
suggest that the resulting systematic error is probably no
greater than 50%.

The measured emission decay times are 0.83 and 1.13
ms for LuPO, and LiYO,, respectively. Although the
spectra are only approximate, we can observe that the
Yb** crystal field splitting is about twice as large in
LiYO,, as compared to LuPO, (measured by the overall
width of the spectra). The low crystal field splitting in
LuPO, makes 8,,, large, and the broad emission lines of
LiYO,:Yb yield low peak cross sections. Accordingly,
neither LuPO, or LiYO, are particularly interesting for
laser applications. The spectra of ScBO; : Yb appear in the
lowest frame, where it is apparent that the magnitudes of
the cross sections are very low. The weak transition
strength is also reflected in the long emission lifetime of
4.80 ms. ScBOj crystallizes in the calcite structure where
the Yb*>* enters the centrosymmetric Sc-site, thereby giv-
ing rise to the low cross sections and long lifetime.

V. DIscussION

Yb** exhibits a significant range of emission cross sec-
tions, 0.1 t0 5.9 x 1072° cm?, and lifetime values of 0.7-
10.8 ms, which suggest numerous factors must impact
these properties. For example, the materials with the
longest lifetimes, 5-11 ms, including SrF,, BaF,,
Rb,NaYFg, and ScBO;, all possess nearly centrosymmet-
ric sites into which the Yb ion is incorporated. On the
other hand, most of the fluorides having noncentrosym-
metric substitutional sites, including LiYF,, LaF;,
KY;F,y, and BaY,Fg, give lifetimes of 2.0-2.2 ms, and
oxides with the noncentrosymmetric sites (Y,SiOs,
Y3A15012, YA103, Ca5 (PO4)3F, LUPO4, and LlYOQ) have
decay times of 0.7-1.1 ms. The consistency of these val-
ues, although somewhat surprising, provides a useful
guide by which to think about Yb lifetimes in crystalline
media.
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Fig. 5. The important spectroscopic properties, of Yb*" in the designated
crystal hosts, and the energy levels of the ground- and excited-states are
presented. The emission cross section at the selected extraction wavelength
d.y is noted, as is the measured emission lifetime 7,,,. The termination
point of the downward-facing arrow gives the value of AE at the extraction
wavelength.

TABLE IV

CALCULATED LASER PROPERTIES OF Yb-DOPED CRYSTALS AT THE SELECTED PUMP AND EXTRACTION

WAVELENGTHS, Apymp AND A,

(I, = pump saturation intensity at Num,: /,,,, = minimum pump intensity required to achieve transparency
at A..; 0., = emission cross section at \,,,; parentheses reflect uncertainty in the value of the quantity)

Host Apump (NM) L., (kW /cm?) Lyiw (kW /cm?) Aew (nm) Goy (1072° cm?)
LiYF, 962 10.2 1.00 1020 0.81
LaF, 975 16.9 1.90 1009 0.36
SrF, 967 6.8 0.37 1025 0.16
BaF, 967 6.1 0.36 1024 0.14
KCaF; 973 5.0 (0.35) 1031 0.22
KY,F 976 13.3 1.57 1011 0.44
Rb,NaYF¢ 962 14.7 (2.05) 1012 0.10
BaY,Fg 961 13.2 (1.28) 1018 0.67
Y,Si0, 979 8.5 (0.40) 1042 0.33
Y,ALO,, 942 279 1.53 1031 2.03
YAIO, 962 31.9 4.50 1014 1.31
Cas (PO,):F 905 2.86 0.132 1043 5.90
LuPO, 975 18.6 2.98 1011 0.53
LiYO, 908 16.7 (1.50) 1020 0.56
ScBO, 966 18.6 (1.70) 1022 0.19

The emission cross sections corresponding to the ex-
traction wavelengths vary in a much less consistent man-
ner. For instance, for the fluorides with lifetimes near
2 ms, o,, values of (0.36-0.81) x 1072 cm?’ are ob-
tained, and the oxide systems with 7,,, = 0.7-1.1 ms give
0w = (0.33-5.9) X 107 cm?®. The media with centro-
symmetric sites do exhibit the lowest cross sections, as
expected.

Besides the radiative emission lifetime, the other cru-
cial issue that impacts the extraction cross section is the
emission line shape. An emission spectrum characterized
by a sharp peak at a long wavelength is construed to have
a favorable line shape. The examples of Yb-doped crys-
tals characterized by particularly favorable line shapes are
SrF,, Y3Als0,; and Cas (PO,);F, see Figs. 2-4. The fun-
damental basis for the existence of the sharp long-wave-
length feature may be understood from the energy levels
sketched in Fig. 5. Here it is apparent that the *F, /2 ground
state possesses a substantial gap between the terminal laser
level and the next lowest crystal field component for these
three Yb-doped crystals (the CaF, energy levels are rep-

resentative of SrF,). The effect of this energy gap may be
to reduce the rate of phonon relaxation, and thereby give
rise to sharper spectral features. In the case of SrF,: Yb,
however, the emission cross section is low, by virtue of
the centrosymmetric site and the long emission lifetime.
The YAG:Yb spectrum, on the other hand, has a high
emission cross section of 2.0 X 1072° cm?. Although there
remains some uncertainty as to the exact ground state en-
ergy levels of Yb in Cas(PO,);F (note the dashed line in
Fig. 5), it is apparent that the Yb energy levels and the
host lattice have conspired to provide sharp spectral fea-
tures in this case.

The largest cross section among the fluorides is seen in
LiYF,: Yb, in spite of the unfavorable spacing of the en-
ergy levels displayed in Fig. 5. The large o,,, value of
LiYF, follows from the strongly polarized emission evi-
denced by this crystal. Here, the emission intensity is
w-polarized so that all of the cross section is, in effect,
“‘concentrated’’ into a particular orientation. It is note-
worthy that Cas(PO,);F (FAP) possesses both the orien-
tational advantage (since it is strongly w-polarized, see
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Fig. 6. A log plot of emission cross section g,, versus minimum pump
intensity /,,, for the selected extraction wavelength. The o,,, values for
each host correspond to o,,, in Table III and are judged to be near the
optimum for rapid energy extraction. The emission cross section describes
the gain that will be available for a given inversion density and therefore
higher ¢,,, values are desirable. I,,, is the minimum pump power required
for each crystal to reach threshold or the intensity required to pump the
medium to an inversion density exhibiting no net loss at A,,.. Low I,
values are desirable. The arrows mark the preferred directions and reveal
that Cas (PO,);F : Yb is unique because of its highly favorable parameters.

Fig. 4), and the favorable energy level structure (giving
the sharp spectral features).

The overall suitability of an Yb-doped crystal for laser
applications depends on many and varied factors. The two
main issues regarding spectral properties, concern the ease
of pumping the laser material, and that of extracting the
stored energy. Table IV contains a listing of the most ef-
fective pump wavelength A, for each of the crystals.
On the basis of the observed absorption cross sections
from Figs. 2-4, and the emission lifetimes of Table III,
the pump saturation intensities I,,, have been calculated,
as well as the minimum pump intensities required to reach
threshold 1,,;, [see Section III-D, (10)-(13)]. I,,;, may be
regarded as a figure-of-merit describing the intensity re-
quired to pump the medium to a suitable inversion den-
sity. Also reported in Table IV are the emission cross sec-
tions o,,, at the selected extraction wavelengths \,,,. The
0.y is, of course, the appropriate parameter needed to de-
scribe the gain that will be available for a given inversion
density.

We suggest that the /,;, and o,,, parameters together
provide a good spectroscopic measure of the overall use-
fulness of the laser medium. The [, and o,,, values of
each crystal are plotted in Fig. 6; it is generally desirable
for g,,, to be as large as possible and for /,,;, to be small.
This criterion serves to both minimize the threshold for
an Yb-laser material engaged in an oscillator-type config-
uration, and also to offer the best short-pulse amplifica-
tion properties. It is apparent from Fig. 6 that Yb in
Cas (PO,4);F (FAP) is by far the most favorable material
when judged on this basis. It is interesting that FAP: Yb
appears to uniquely occupy a superior domain in param-
eter space than do the other fourteen materials plotted in
Fig. 6. On the basis of this analysis, an Yb: FAP laser,
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pumped at 905 nm using a Ti: Al,O; laser, has been dem-
onstrated and characterized. We have found that the ob-
served laser performance agrees with the spectroscopic
properties reported here. These laser results and the bulk
optical, thermal and mechanical properties of the host will
be described in a future publication.

VI. CoNCLUSION

The absorption and emission cross sections of the 2F; /o~
’Fs /2 transition and the upper laser level lifetimes of the
Yb** ion have been determined for 15 hosts. The emis-
sion cross sections were determined by two methods. The
first, based on the principle of reciprocity, requires the
absorption spectrum, the Yb** concentration and a de-
tailed knowledge of the energy levels. The second utilizes
the classic relationship between spontaneous and stimu-
lated emission rates (Fiichtbauer-Ladenburg formula) for
which the emission spectra, the refractive index and the
measured lifetime are required. The emission cross sec-
tion of the reciprocity method was then employed in the
Fiichtbauer-Ladenburg equation, and a separate value for
the radiative lifetime was calculated. The calculated and
measured lifetimes have been compared, and the agree-
ment is good between the two, typically within 20%.

The measured spectroscopic properties of the Yb** ion
have been studied in various hosts, focusing on their ad-
equacy for diode-pumping the Yb laser material. From
our analysis, the more useful diode-pumped Yb laser ma-
terial, operating in a short pulse extraction mode, will re-
quire ¢,,, magnitudes of >10"%° c¢m? and ground state
splittings of the terminal laser level of AE > 400 cm ™.
With each of the crystal field environments the Yb>* ion
encountered, large ground state splittings were observed,
and in fact the AE > 400 cm ™' criterion was satisfied in
most cases. On the other hand, the emission cross sections
at the extraction wavelength were less than satisfactory
for most hosts. In particular, in nearly cubic crystal field
environments where the Yb>* emissions were longer
lived, the cross sections were very low. In SrF,, BaF,,
Rb,NaYFg, and ScBOj;, all with centrosymmetric sites,
0o < 0.2 X 1072 cm? were measured. Useful emission
cross sections were observed for some of the materials
exhibiting a favorable emission line shape characterized
by a sharp peak at a long wavelength, as is the case for
Y;Al;0,, and Cas(PO,);F, for example. We have dis-
cussed this situation relative to the Yb** energy levels,
where, for large energy gaps between the terminal laser
level and lowest crystal field component, reduced rates of
phonon relaxation might be expected to give rise to
sharper spectral features. Among the 15 hosts we have
studied, the Yb>" energy levels and the host lattice have
conspired to provide adequate emission cross sections only
in Y3A150]2 and CaS (PO4)3F

The spectral properties relevant to the predicted laser
performance establish the ease of pumping the laser ma-
terial and that of extracting the stored energy. We have
suggested two parameters /,,;, and o,,,, taken together ef-
fectively, describe the usefulness of the laser medium.
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Since it is desirable to have higher values of o,,, and lower
values of I,;,, Yb>" in Cas (PO,)5F is judged to be unique
in its occupation of a favorable sector of this parameter
space.
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