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Ytterbium-doped apatite-structure crystals: A new class of laser materials
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California 94550 ' '

Bruce H. T. Chai and George Loutts : ,
Center for Research and Education in Optics and Lasers, University of Central Florida, Orlando,
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(Received 9 November 1993; accepted for publication 17 March 1994)

A new class of Yb-lasers is summarized in this article. The apatite family of crystals, based on the
hexagonal structure of the mineral fluorapatite, has been found to impose favorable spectroscopic
and laser properties on the Yb>* activator ion. Crystals of Yb-doped Cas(PO,);F, Sr5(PO,),F,
Ca,Srs_(PO,)3F, and Srs(VO,);F have been grown and investigated. Several useful laser crystals
have been identified which offer a variety of. fundamental laser parameters for designing
diode-pumped systems. In general, this class of materials is characterized by high emission Cross
sections (3.6—13.1X1072 cm?), useful emission lifetimes (0.59-1.26 ms), a strong pump band
(Ous=2.0-10.0X10"% ¢m?), and pump and extraction wavelengths near 900 and 1045 nm,
respectively. Efficient lasing has been demonstrated for several of the members of this class of
materials, and high optical quality crystals have been grown by the Czochralski method. A summary

of the laser parameters and a discussion of the Yb:apatite class of lasers is presented.

INTRODUCTION

Yb** has long been recognized to serve as a laser ion
when incorporated as a dopant ion into Y;Al;0;, and other
garnets.! The main obstacle to further development entailed
the limited pump absorption features that are available with
Yb-doped crystals. Since Yb** is a 4f' jon, it possesses
only two relevant electronic states—the *F,, ground state
and the *F5,, excited state—separated by about 10 000
cm™!, Since the prevailing pump sources in the 1960s and
1970s only included broad white light generating flash
lamps, the single narrow absorption feature of Yb+ proved
to be an inadequate means of effectively pumping the laser
material. While the need for a useful narrow band pump
source was envisioned some time ago,” it was not until the
emergence of InGaAs laser diodes that some workers recog-
nized the renewed significance of Yb-doped materials.” In
fact, with the availability of commercial laser diodes, the
limited absorption features of Yb actually provide an advan-
tage, since the lack of higher-lying excited states assures the
absence of detrimental processes such as upconversion and
excited state absorption. Additionally, the Yb** dopant offers
an important advantage over the most common laser jon,
Ng3 *, since its emission lifetime tends to be about four times
greater when the same host medium is considered for both
ions, thereby allowing for an enhanced level of energy stor-
age.

The main complication associated with solid-state lasers
based on the Yb ion involves the quasi-four-level nature of
the system at room temperature. Otherwise stated, the prob-
lem is that the terminal laser level tends to reside at an en-
ergy of 200-600 cm ™!, which is comparable to the thermal
energy present at room temperature (200 cm™!).3* Accord-
ingly, the search for new Yb>" lasers has been intimately tied
to the structure of the energy levels and the strength of the
transitions among them. In particular, the nature of the crys-
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tal field splitting in the °F;,, and 2F 5,2 states and the cross
section associated with the various 2F7/2—2F5,2 transitions
turns out to have a crucial impact on the viability of the
system as a laser material. In brief, the ideal Yb laser would
possess a high-lying crystal field component in the °F 172
ground state, to which a particularly intense transition from
the 2F s;2 excited state would exist. The Yb-doped apatite
class of laser materials'to be described in this article is char-
acterized by just such an energy level structure along with
the desired transition strength moments. -

As a result of our recent efforts, the Yb® *_doped apatite-
structure crystals may now potentially beé employed in a va-
riety of diode-pumped laser systems. This family of laser
materials offers a substantial range of fundamental laser pa-
rameters with which systems may be designed, in order to
adjust the pumping, storage, and energy extraction character-
istics. In other words, the Yb-doped apatite class of materials
allows a number of trade-offs, wherein the emission lifetime
and cross section, as well as the pump linewidth and satura-
tion parameters can be altered, albeit not independently of
each other. A range of possibilities now exists such that the
specific parameters of a given Yb:apatite laser medium can
be matched to the requirements of a particular application.

The situation surrounding the Yb:apatite class of laser
materials is not unlike the broadening of the scope of
Nd:YAG (Y3ALsOq,) to encompass other oxide garnet hosts,
such. as  Gd;Sc,Ga;0;, (GSGG), Y;Gas0;, (YGG),
Gd;Gas0y, (GGG), and others. By way of illustration as to
the type of property trade-offs that are encountered here, the
Nd:GSGG crystal offers a wider pump band, larger crystals,
and the potential for Cr** codoping, at the expense of re-
duced emission cross section, lower thermal conductivity,
and melt instabilities associated with the gallium oxides.’
In a similar manner, we began our campaign to identify
new Yb lasers with the well-known mineral -
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fluorapatite®—Cas(PO,)sF or FAP— and then expanded our
studies to other materials having the generic composition
As(MO,);X, where A=Ca, Sr, Ba; M=P, V; X=F, CL
Among the many possible crystals having this formula,
a few turned out to be useful Yb laser materials:
Srs(PO,)sF (S-FAP),”  Ca,St,(PO,)sF (C;S,-FAP),® and
Sr5(VO,)5F (S-VAP). The point of this article is to describe
the laser parameters and associated trade-offs encompassed
within this new class of laser materials. It should be noted
that FAP and S-FAP (also known as STRAP) were previ-
ously explored primarily as Nd-based laser media;>° our
contribution is to recognize that these particular host materi-
als impose especially useful properties to the Yb** laser ion.
It is noteworthy that Yb:YAG has proved to be the first
highly effective diode-pumped laser material, as demon-
strated ‘and discussed in several recent articles,n'12 and as
originally suggested by Krupke and Chase.?

CRYSTAL GROWTH OF THE FLUOROPHOSPHATES
AND FLUOROVANADATES

Although it has been reported that fluorapatite
[Cas(PO,4)5F or FAP] melts congruently at 1700 °C, the ac-
tual melting process is complicated because the compound is
composed of the two end members—calcium phosphate and
calcium fluoride. As a result, the system may contain a con-
gruently melting compound and an apatite solid solution of
Cag(PO,)4-xCaF,, where x=0.88-1.0. In our growth experi-
ments, we did not observe the solid solution, but rather the
continuous change of melt composition through evaporation
and oxidation.

Initially we prepared the material based on the two-step
reaction

9 CaCO3 +6 H3P04—*3Ca3(PO4)2+ 9C02+ 9H20),
and
3 Ca3(PO4)2+ CaFZ—’2 Ca5 (P04) 3F.

Because the reaction involves phosphoric acid in rather large
quantities, the exact composition is difficult to control. An
improved synthesis technique was therefore developed using
the solid form of calcium hydrophosphate (CaHPO,) as start-
ing material so that the first reaction now becomes

6CaHPO4 +3CaCO3 —93C3.3 (P04)2 -+ 3C02 + 3H20.

While it is still necessary to use rare earth oxides and phos-
phoric acid to include rare earth dopants, the amount of acid
used is much smaller and the system is far easier to handle.

Once the charge was made and melted, the crystals were
grown by the Czochralski pulling method in a 3 in. Ir cru-
cible. A two-loop weight feedback diameter control system
was used in all the growth experiments. A neutral atmo-
sphere is provided with a continuous flow of nitrogen. The
typical growth rate is 1T mm/h while being rotated at 10-20
rpm. Up to 25% of the melt is converted to single crystal in
about one week. Typical crystal size is 25 mm in diameter
and 100 mm in length.

The growth technique for the strontium fluorapatite
[Sr5(PO,)sF or S-FAP] is nearly identical to FAP although
the growth temperature is much higher (1810 °C). We used
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strontium hydrogen phosphate (StHPO,) in the stariing com-
position. The higher temperature causes heavier loss of the
fluoride through evaporation. The fluorophosphates com-
posed of the calcium-strontium mixtures exhibit behavior
that is roughly intermediate to either of the end members.

As for the growth of strontium fluorovanadate
ISr5(VO,),F or S-VAP), the technique is also similar. In this
case we are able to use V,05 powder as starting material and
the synthesis reaction becomes

9S[CO3+3V205—4BSI'3(V04)2+ 9C02,
and
3SI'3(VO4)2 +SI'F2—9281'5(VO4)3F.

The melting temperature of S-VAP is lower (1650 °C) and
the growth rate is higher (1.5 mm/h) than S-FAP.

The fluorapatite crystals may be described by the generic
chemical formula Ms(PO,);F, where the divalent metal ions,
M, occupy two different crystallographic sites (referred to as
I and I1).1% It has long been known, however, the trivalent
rare earth dopants have a strong tendency to occupy the My
site. This is the case because the fluoride ion resides in the
coordination sphere and the charge compensation mechanism
associated with rare earth doping involves the substitution of
an oxide ion for the fluorine (viz., Ca*"-F~ is replaced with
Yb*t-0%7).1415 Although this simple situation is found to
breakdown at high Yb doping levels it should adequately
describe our crystals since their doping levels are rather low
at (3-10)x10" cm™.

SPECTROSCOPY

The room temperature absorption and emission proper-
ties of Yb-doped apatite crystals have been characterized.
Absorption spectra were collected for oriented uniaxial crys-
tals polarized both along the unique crystallographic ¢ axis
(E|lc), and perpendicular to the ¢ axis (ELc). The spectra
which were obtained on a Perkin Elmer Lambda 9 spectrom-
eter were then converted to cross sections using the fotal Yb
concentrations measured for each crystal by inductively
coupled plasma and mass spectrometry. The Yb emissions
were obtained by pumping each crystal with light from a
Nd:YAG-pumped dye laser whose output is H, Raman
shifted to yield pump wavelengths between 890 and 910 nm.
The polarized emissions have been obtained using a grating
monochromator and an S-1 photomultiplier tube for which
the appropriate corrections have been applied to account for
variations in the spectral response. The polarized emission
spectra have also been converted to cross sections using the
data analysis methods we have described in previous
articles.* The upper level YD lifetimes have been measured
with the same pump/detector system using a transient digi-
tizing oscilloscope to monitor the signal.

The measured absorption and emission cross sections,
s @and Oy, and the upper level lifetimes, 7., can be used
to assess several important laser performance parameters for
different Yb:apatite lasers. In particular; B,;,, which is de-
fined as the minimum fraction of Yb ions that must be ex-
cited in order to balance the gain and the ground state ab-

sorption at the extraction wavelength, is crucial in quasi-
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four-level systems such as Yb**. The 8,,;, parameter may be
determined then from the absorption and emission cross-
section values for the extraction wavelength of the laser, A,
according to

0'abs( )\ext)’
Taps(Next) T Tem(Next)

The By, parameter may also be expressed in terms of the
individual trapsitions between the crystal field components
of the electronic states. In this case, from the known energies
and degeneracies of the ground *F 7/2 and the excited ’F s
states, we can write:®
-1
I o

a2 £, -2 Jar
Brin= Z exp AN

Here, Z, and Z,, are the partition functions of the ground and
excited states, respectively, E5 is the “zero-line” energy
separating the lowest crystal field components of the ground
and excited states, and kT is a constant with a value of 205
cm™! at room temperature.

Another performance parameter which can be assessed
from the spectroscopic properties is the pump saturation in-

Bmin= (1)

tensity, I, . For efficient diode pumping, a large fraction of -

Yb ions must be excited in order to overcome the ground

state absorption losses, and /., is a measure of the ease of -

bleaching the Yb-doped crystal. This pump parameter is as-
sessed from the o, value at the pump wavelength, A, and
the emission lifetime, 7., using

© hc (3)
sat >\pa-abs7-em )
Clearly, higher absorption at the pump wavelength and
longer Yb lifetimes are desirable for low values of 1.
Finally, an important parameter which takes into account
both the absorption and emission characteristics of the Yb-

laser crystal is I, . In the case of lightly doped crystals, I,

is the minimum absorbed pump intensity which is required to.

reach threshold (in an otherwise lossless oscillator). This pa-
rameter is simply the product of our two previous laser per-
formance indicators or

mm B mmI sat - ’ (4)

For InGaAs diode laser pumping, output intensities from a
two-dimensional array can be arranged to be of the order of
10 kW/cm?, although it can be higher or lower depending on
the nature of the diode array and the pump geometry. Lower
values of I;, imply lower threshold lasers and therefore are
more desirable when all else considered is equal.

The polarized absorption and emission cross sections of
Yb:S-VAP are plotted for Ellc and ELc in Figs. 1 and 2,
respectively. Interestingly, the uniaxial nature of the apatite
structure has led to highly anisotropic, favorable spectral fea-
tures. In particular, for light polarized along the ¢ axis of the
crystal, the absorption spectrum is dominated by a single,

strong feature at 905 nm. Similarly, in the emission spectrum

of E||c, the oscillator strength is largely concentrated into the
feature at 1044 nm. The high values of o, and o, observed
for these two peaks suggest useful pump and extraction pa-
rameters for a Yb:S-VAP laser.

J. Appl. Phys., Vol. 76, No. 1, 1 July 1994 -
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FIG. 1. Absorption and emission spectra of Yb in Srs(VO,);F (S-VAP), with
Elic, on absolute cross-section scale.

We have previously observed similar useful attributes in
crystals of Yb:FAP® and Yb:S;FAP.TMore recently, spectral
determinations® have additionally been completed for several
mixed crystals of Cas_ St (PO,);F:Yb. For comparison, the
absorption and emission spectra are compiled into composite
figures each with Cas(PO,);F, CasSr(PO,)sF, Ca;Sr,(PO,)sF,
Ca,Sr;(PO,);F, and Srs(PO,),F, shown plotted for Elc on an
absolute cross section scale in Figs. 3 and 4. The important
measured spectral properties {cross sections, linewidths, and
lifetime) of O,p, Uems ANgpss ANem, and 7, are also sum-
marized in Table I for all of these Yb:apatites together with
the calculated parameters of B, and I ;. It turns out that
the main absorptlon and emission features are strongly -
polarized for all of the Yb-doped apatites studied thus far.

Figures 1—4 and Table I reveal the similar Yb spectros-
copy arising from the dpatlte -structure crystals, but also
show significant variations among the properties. It is note-
worthy, for example, that the prominent absorption and emis-
sion cross-section peaks decrease among the mixed Ca,Sr
apatites and that their bandwidths accordingly increase. For
diode pumping of Yb:apatite lasers, of course, the pump
bandwidth is an important parameter, with greater band-
widths giving some advantages in terms of a relaxed wave-
length specification on the laser diode pump. The decrease in
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FIG. 2. Absorption and emission spectra of Yb:Srs(VO4),F with ELc.

absorption and emission cross sections, although still com-
paratively high among Yb-doped materials, leads to some-
what inferior values for I, . In comparison, although the
Yb-doped S-VAP crystal has high cross sections and greater
bandwidths than observed in the end-member fluorophos-
phates, it also is characterized by a reduced Yb lifetime.
Nevertheless, I ;,, although larger than in FAP and S-FAP, is
still reasonably small for Yb:S-VAP. Note that the Yb ions
appear to occupy a second kind of site in the Ca,Sr3(PO,);F
host, and that this crystal is probably not useful for laser
applications. v

As a useful way to compare the potential laser perfor-
mance of known Yb-doped apatite crystals, we display data
points on a figure-of-merit plot with o, on the ordinate and
I i, on the abscissa. Such a plot is presented in Fig. 5 and
includes the data points of several Yb-doped crystals which
we have presented in an earlier article.* This plot very clearly
demonstrates that the favorable high o, low I, space is

uniquely occupied by the various apatite structure crystals"

we have been investigating.

LASER PERFORMANCE

The cw laser performance was assessed for all but one of
the crystals that were spectroscopically characterized in the
last section. Here we present data to prove that the Ca-Sr
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FIG. 3. Absorption spectra of Yb in the series of crystals Cag .. ySty(PO,);F,
where X=0, 1, 2, 3,and 5. Spectra are plotted on an absolute cross-section |
scale and shown for El|c. Notice the broadening of the features in the mixed
hosts.

mixed apatite crystals, as well as the new fluorovanadate
host, serve as useful laser media. Furthermore, the prior re-
sults obtained for Yb:FAP® and Yb:S-FAP’ will be briefly
reviewed. Overall, four new Yb-based laser crystals have
been recognized to lase effectively.

Since we have already described the techniques em-
ployed to measure the laser efficiencies,®” only the high-
lights of our methods will be outlined here. The Yb-doped
crystals were cut to 0.5-1.0 cm in length with parallel un-
coated windows, and were arranged to be at the center of a
10-cm-long concentric cavity. The Ti:sapphire pump laser
output was set to 900-905 nm, and chopped to a duty cycle
of 25% before impinging on the crystal (although operating
in the true cw mode appeared to have little or no impact on
the Yb-laser output). One of the subtle issues encountered
involved correctly evaluating the absorbed fraction of pump
light since the Yb>* jons tend to bleach at the typical pump
levels employed; this situation is illustrated for the lower
curve in Fig. 6 for the Cas(PO,);F:Yb system. We must re-
call, however, that the inversion density (and therefore the
extent of bleaching) becomes clamped’® at the magnitude
present at the threshold of laser operation. It is necessary,
therefore, to determine the absorbed fraction while the Yb
laser is actually operating. As described in detail in Ref. 6,
this is accomplished using the relationship

1=F=(1=F,)(P/P), ©)

Payne et al.
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FIG. 4. Emission spectré of Yb:Cas_ xSty (PO,)sF with Ellc.

where F; and F,; are the fractions of pump light absorbed
with the laser operating and when laser action is spoiled,
respectively, and P,/P,, is a relative measure of the pump
light leaking through the output coupler with/without the Yb-
laser operating. After applying the P,/P,, correction of Eq.
(5), the upper curve of Fig. 6 is obtained, where it is seen
that, at the threshold of about 50 mW (at the curve crossing),
the inversion is clamped and the absorbed fraction becomes
fixed at F,=0.80 while F,; continues to drop to a level as
low as 0.2. The data in Fig. 6 are a clear experimental illus-
tration of one of the most basic tenets in laser physics.
Using the experimental approach outlined above,
we have produced Jaser action in  Yb:S-VAP
[Srs(VO,)sF], Yb:C,S-FAP [Ca,Sr{(PO,);F], and Yb:C,S,-
FAP [Ca;Sr,(PO,);F]. Several examples of the laser data ob-
tained for Yb:S-VAP are displayed in Fig: 7, where the out-
put couplings employed ranged from 4.4% to 19.8%, yield-
ing slope efficiencies of 36.6%, 56.4%, and 62.9%, with

300 1 TTTTTT] T T T
Srs(VO4)3F
A
& 100 |— —
s [ASrs(PO)F -
b -ACa5(PO4)3F -
i1 - A - e
;E 3.0 CasSraPO,)F ACa,Sr(POASF ~
e 3
'% - .Y3A|5012 —
g sYAIO,
e 10| —]
6 - LiYF,e 3
g - “" eBaY,Fy -
"E - LivO e oLuPO, 7
gL KY3F1o® ]
“ oal Y,Si05e elLaFs
B oKCaF; o080, ]
BaF oSer
aF,e '
0. LL] el foAavFe | 1))

0.1 0.3 1.0 3.0 10.0

Minimum pump intensity, ly;, (kW/cm?)

FIG. 5. Plot of the extraction cross section (o,,) against the minimum
absorbed pump intensity required to_yield net gain (/). All of the Yb-
doped apatite-structure crystals are located in the superior upper-left-hand
sector of this plot.

respect to the absorbed pump power. Several additional plots
of the output power versus absorbed pump power appear in
Fig. 8, including Yb in both of the mixed apatite hosts,
C;S,-FAP and C,S-FAP, operating near the standard 1046
nm wavelength. Interestiigly, we were able to also lase the
Yb:C,S-FAP crystal at 1110 nm, which corresponds to the
longer wavelength, weaker emission band shown in Fig. 4.
We expect that all of the Yb-doped apatite crystals are ame-
nable to laser action at this longer wavelength. It is notewor-
thy that, in spite of the [ow cross-section value, the genera-
tion of 1110 nm output is somewhat enhanced by the fact
that true four-level operation is possible at this wavelength
(i.e., no ground state absorption is present). .

The summary of the slope efficiencies and thresholds
obtained for the aforementioned crystals and wavelengths is
listed in Table II, where averages over two runs are some-
times reported. Note that Yb:C,S-FAP has also been demon- -
strated to lase at 985 nm (with EL¢). Since this spectral line
corresponds to the transition between the lowest crystal field
components of the 2F 7/2 ground and F 52 €xcited states,
these experiments correspond to true three-level operation of

TABLE L Spectroscopic properties of Yb-doped apatite crystals for 1043—1047 nm laser action..

Tybs A}‘abs Tem Oem A)‘em ﬂmin
Host (1072 cm?) (nm) (ms) (1072 cm?) (nm) (kW/cm?) Tnin
S15(VO,)sF 7.5 40 59 131 . 47 0047 - 023
Cas(PO,);F 10.0 24 108 59 41 0.047 0.09
Ca,SH(PO)SF 2.0 100 090 36 72 0.044 0.53
Ca,Sry(PO,)sF 3.8 1.8 106 3.8 9.6 0.042 0.23
Sty(PO,);F 8.6 37 126 73 40 0043 009
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FIG. 6. Absorbed fraction of pump light as a function of incident power at
905 nm, for the case of operating Yb laser, and for simple single-pass ab-
sorption.

this system. Therefore the 985, 1046, and 1110 nm operating
wavelengths of Yb:C,S-FAP in Table II correspond to three,
quasi-four, and four-level operation of the laser!

The data of Table II can be processed further on the basis
of the plotting technique proposed by Caird.'” This technique
requires that the simple equation describing the slope effi-
ciency, 7, in the limit of low (double-pass) loss, L ;, and low
output coupling, T

M= TiT , (©)
be inverted to yield
A ' .
7 =1, 1+(—) T : ©)
7o

Here the intercept with the ordinate, 7, provides a measure
of the so-called intrinsic efficiency. 7, is simply given by the
ratio of the pump and laser wavelengths, or about 86% for
the Yb:apatite crystal family. The application of Eq. (7) to

500

I ] I
Yb:Sr5(VO,4)3F
400} & 4.4% output coupler
g o 9.5%
;S: s00- = 19.8%
2
5 200 -
3
100 ]
0 i | ] ]
0 200 400 600 800 1000

Absorbed pump power (mWw)

FIG. 7. Laser efficiency data acquired for Yb:S-VAP for the three indicated
output coupler values at 1044 nm with Efjc.
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FIG. 8. IHustrative laser efficiency results obtained for the mixed apatites,
including Yb:C;S,-FAP at 1046 nm, and Yb:C,S-FAP at 1045, 1110, and
985 nm. The output coupling values are explicitly noted in _the figure; the
slope efficiencies are reported in Table II; the derived intrinsic efficiencies
and double-pass loss values are listed in Table III.

the Yb:S-VAP laser data is illustrated in Fig. 9, where the
derived 7, value of 83% is found to be remarkably close to
the quantum defect limited value of 86%. The double-pass
loss of L,=5.9% suggests that parasitic absorption and/or
scattering may be issues for these new materials at this time.
The existence of passive loss during the early stages in the
development of any new material is, of course, a common
problem. 8

A summary of the single-pass losses and intrinsic effi-
ciencies obtained for all of the Yb:apatite laser crystals is
summarized in Table III, where 7, values of 65%—84% are
all in accord with the imposed fundamental quantum limit of
86%—the tendency to not attain the theoretical maximum is
most likely a consequence of inadequate mode matching of
the pump and cavity fields. The variation of the single-pass

TABLE II. Slope efficiency and threshold values for several Yb-doped crys-
tals (averaged over several runs).

Output Wavelength Slope Threshold
Crystal coupling (%) (nm) efficiency (%) (mW)
S-VAP 4.4 1044 352 46
9.5 1044 56.4 .52
19.8 1044 61.4 69
C,S-FAP 4.4 1046 445 76
9.5 1046 54.6 88
19.8 1046 67.1 123
0.8 1110 15.2 186
31 1110 40.6 135
4.5 1110 44.4 169
1.6 985 55 516
C,S,-FAP 25 1046 26.3 103
4.4 1046 353 75
9.5 1046 46.8 83
19.8 ' 1046 55.2 112
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FIG. 9. Caird plot for Yb:S-VAP using the measured slope efficiencies ob-
tained at 1044 nm for the individual laser output runs. The derived intrinsic
efficiency and double-pass loss are noted.

loss from 0.7% to 3.0% is the result of variation in the qual-
ity of optical materials that have been employed. On the
basis of the data presented in this section, the laser perfor-
mance of the Yb-doped apatite crystals is judged to be good
at this time, and may be expected to improve further as lower
loss material becomes available. Finally, it is mentioned for
completeness that the thermomechanical properties of these
crystals have been previously discussed in Refs. 4, 7, and 19.
In brief, they are less robust than hosts such as YAG, and are
similar to other common crystals like YLF. Interestingly,
since the change of refractive index with temperature dn/dT
is negative for all the apatites considered here, the thermal
lens is likely to be reduced somewhat.

CONCLUSION

We have defined a new class of laser media based on the
Yb®* ion that offers a substantial range of laser parameters.
The emission cross section was found to be as low as
3.6x10™% cm? for Yb in the Ca,Sr(PO,);F (C,S-FAP) host,

TABLE III. Summary of laser efficiency analysis for Yb-doped apatite
crystals.

Wavelength Intrinsic Single-pass Path
Crystal (nm) efficiency (%) loss (%) length (cm)
S-VAP . 1044 83 3.0 0.57
FAP? 1043 .84 12 0.69
C,S-FAP 1046 76 1.7 0.75.

1110 81 2.9

C;S,-FAP 1046 65 1.8 0.65
S-FAP® 1047 70 0.7 0.70

*Reference 6.
YReference 7.
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and as large as 13.1x107™% cm® for
Yb:Srs(VO,);F (S-VAP). The emission cross-section varia-
tions are, of course, directly tied to changes in the emission
lifetime (0.59-1.26 ms). Importantly, the mixed crystals of
Yb in CS-FAP and C;S,-FAP offer substantially enhanced
pump bandwidths that are on the order of 10-12 nm
(FWHM), thereby relaxing the wavelength specification re-
quirement that must be imposed on the diode laser pump
source. On the other hand, Yb:FAP and Yb:S-FAP are ex-
pected to exhibit the lowest possible thresholds among the
Yb:apatite family of materials. All of the crystals have been
demonstrated to lase efficiently and can be grown as high-
quality optical materials by the Czochralski method. We be-
lieve that the Yb:apatite class of lasers is useful for low- and
medium-power applications, and will be preferred over the
more common Nd lasers in many situations by virtue of their
longer lifetime.
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