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Abstract When growing CaF, crystal doped with rare-
earth ions, most of these ions are present in a trivalent state.
However, due to contact with graphite crucible, a small
proportion of a number of ions (Eu, Sm, Yb and Tm) are
reduced to a bivalent state. A similar situation takes place
during fabrication of CaF, ceramics doped with rare-earth
metals. This fact is of particular importance for laser
CaF,:Yb crystals (ceramics), a promising material for
short-pulse, high-power, high-energy diode-pumped solid
state lasers since the presence of bivalent Yb ions can be a
source of thermal losses. To date, there has been no tech-
nique to determine Yb>" concentration in as-grown crys-
tals. The proposed technique is based on a total reduction
of Yb*" ions via the heating of as-grown CaF, crystals
with known concentration of Yb in the reducing atmo-
sphere of metal vapour and determining the cross section of
absorption bands of Yb®" ions. The knowledge of these
parameters allows estimation of the Yb®" content in
CaF,:Yb crystals or ceramics by analysing their absorption
spectra. Examples of using this technique are given. The
technology of CdF, crystals reduction (an “additive
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colouring”) and features of colouring of crystals doped
with rare-earth ions are considered.

1 Introduction

The trivalent ytterbium ion, when compared with the
widely used neodymium ion, has significant advantages as
a dopant of diode-pumped lasers media [1]. Since the first
laser studies of CaF,:Yb crystals [2—4], this medium has
attracted a growing interest for use in short-pulse, high-
power, high-energy solid-state lasers [5—7]. This interest is
determined by a variety of reasons, in particular its good
thermal properties [8—11], very broad emission band, the
absence of concentration quenching and the existing tech-
nology for the growth of high-quality crystals of large
dimension.

Absorption and emission spectra of crystals with Yb
content ranging from several tenths up to tens of percent do
not change since, in this concentration range, rare-earth
(RE) ions form predominantly hexamer YbgF3; clusters.
These clusters are well embedded into the crystal lattice
since they are actually identical in shape and dimensions to
a structure CagF3, unit of the lattice [12-17].

The detailed review of laser characteristics of CaF,:Yb
and SrF,:Yb crystals is given in [18].

Despite numerous merits of CaF,:Yb crystals, CaF,:Yb
ceramics can have a preference for greater laser damage
resistance due to the absence of cleavage planes. Therefore,
considerable efforts are being made to develop the
CaF,:YDb ceramics laser medium [19-21]; they are resulted
in production of high-quality laser ceramics [22, 23].

The growth of CaF,:Yb single crystals and fabrication
of ceramics take place under weakly reducing conditions
due to their contact with the equipment and vacuum.

@ Springer



552

A. S. Shcheulin et al.

Correspondingly, this growth/fabrication is accompanied
with a partial Yb’" - Yb>" conversion [23-25]. Ultravi-
olet (UV) absorption bands of Yb>" ions make non-radi-
ative losses possible due to the many-photon absorption of
the exciting radiation. These losses should grow with the
growth of Yb concentration, N(Yb).

Establishing the influence of Yb*" content on the effi-
ciency of conversion of the pump energy into laser emis-
sion is hampered by the absence of techniques for
determination of Yb** concentration, N(Yb*"), in CaF,
crystals/ceramics. In this article, such a technique is
described.

The technique is based on the total reduction of Yb>"
ions in as-grown CaF, crystal with a known concentration
of Yb and determination of a cross section of Yb*"
absorption bands. The knowledge of this parameter allows
the determination of Yb>* content by analysing absorption
spectrum of as-grown CaF,:Yb crystals or as-fabricated
CaF,:Yb ceramics.

One should note that in the natural species of CaF,
crystals (fluorite mineral), which contain RE ions, some of
them (Sm, Eu, Tm, Yb) are present in a bivalent state.

Attempts to reduce impurity RE ions in synthetic CaF,
crystal have been initially made using ionizing y-radiation
[26]. It was found, however, that this technique does not
allow the total reduction of the ions [27]. An electrolytic
reduction was also used for this purpose [28]; this tech-
nique also does not permit total RE reduction. The most
effective method is a thermo-chemical reduction of RE
ions in CaF, crystals by heating in metal-cation vapours
(an “additive colouring” of the crystals). Such a reduction
was first described in [29] using a vacuum-treated ampoule
containing the crystal and a piece of metal (Ca). This
technique has been widely used in the study of bivalent RE
ions in CaF, crystals.

The most effective technology for the additive colouring
of CaF, crystals is considered in Sect. 2. In Sect. 3, the
features of colouring of Yb-doped crystals are discussed.
Parameters necessary for determination of Yb*" concen-
tration in CaF, crystals and ceramics are given in Sect. 4.

2 Additive colouring of CaF, crystals

In this article, the additive colouring of CaF, crystals was
performed in a heat-pipe-type set-up, which allows almost
independent management of the two important parameters
of the process: pressure of the metal vapour and coloured
crystal temperature, T [30, 31]." The separate management
is provided with a buffer inert gas (helium) that determines

! Earlier, a similar type of set-up was used for additive colouring of
alkali-halide crystals [32].
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the pressure in the system, p. The heat pipe is an evacuated
stainless-steel cylinder with its lower part heated by a
furnace to the temperature dependent on the colouring
regime, whereas its upper part is maintained at room
temperature by a refrigerator, the water cooled stainless
steel tube encircled the middle part of the pipe (Fig. 1).
The container with sample to be coloured is placed on the
end of the metal rod (manipulator) that is pulled down into
the lower part of the heat pipe. In the same part of the tube
but outside the container, a metal piece is placed. The
gradient of the metal vapour concentration in the gas phase
results from displacement of lightweight helium by metal
vapour to the upper part of the set-up to the level of the
dew point. The metal is condensed at that level, flows
down to the lower (hot) part of the pipe and evaporates.
Thus, the separation of components in a “helium-—metal
vapour” in the vapour—gas mixture is of a dynamic nature.
Under these conditions, the pressure in the system is
controlled by the buffer gas (helium) and is barely
dependent on the temperature of the crystal that is located
in the hot zone.

The dynamic mode of the heat-pipe operation, which
implies the continuous circulation of metal within the
cylinder, is implemented at the fairly low pressure of metal
vapour at its freezing temperature (the dew point). Other-
wise, the metal would freeze out, i.e. would condense into
the solid phase in the upper (cold) part of the pipe. Calcium
does not meet this condition, whereas all the alkali metals
do. Based on this reasoning, it is expedient to colour CaF,
crystals in a lithium-calcium mixture. In this case, the dew
point is determined by lithium, which is dominant in the
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Fig. 1 Schematic of the heat-pipe system: / helium supply, 2
stainless steel vacuum chamber, 3 vacuum valve, 4 manipulator for
displacing the container with a sample, 5 line to the vacuum pump, 6
water cooled refrigerator, 7 furnace, § container, 9 sample and /0
piece of metal
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Fig. 2 Photographs of samples’ cross-sections of a non-doped CaF,
after 15 min of additive colouring, b CaF,:Yb (Sample 2) after two
5 h cycles of colouring. The coloured segments of non-doped crystal
are reddish due to the colour centre’s absorption whereas these
segments in Yb-doped crystal have a weakly greenish shade, probably
determined by Ce centres, which are formed in additively coloured
crystals (this proposal is confirmed by presence of Ce** band 306 nm
in spectra of as-grown crystals, see Fig. 3) [33, 34]. The dark lines in
(b) mark the planes, along which light propagation is impossible,
probably due to a steep refractive index change

composition, whereas the colouring agent is calcium
vapour. The composition was chosen to ensure melting at a
temperature close to the lithium-melting temperature. This
condition is satisfied when the calcium content in the
lithium—calcium mixture does not exceed 2 at.%. In the
metal composition used, this value was about 1 at.%.

One should note that due to the distinction in the metal
masses, the heat-pipe regime can also be implemented for
the metal vapour mixture by itself, which leads to its
separation with increasing partial pressure of the calcium
vapour. This separation is insignificant at high pressure of
vapour-gas mixture because of the small content of calcium
atoms in the mixture. At p > 0.13 mbar calcium vapour
pressure may be accepted to be equal to 0.01 p. At
p < 0.13 mbar, one may not neglect the above separation;
it is impossible to estimate the calcium vapour pressure for
this pressure range.

The technique under consideration allows one to vary
the pressure of colouring metal vapour, calcium, from
~6.7 x 1072 to ~1.3 x 107> mbar and to maintain it
during the time sufficient for the homogeneous colouring
of CaF, samples of considerable dimensions.

The CaF, colouring is executed at T = 750-850 °C.
Heating time necessary to reach this temperature is around 2 h.

The heat-pipe dynamic mode provides implementation
of about 100 colouring cycles using one portion of metal
composition with good reproducibility of results including
the low-pressure range, for which the exact value of cal-
cium pressure cannot be estimated (see above).

When heated the crystal in the vapour—gas mixture used,
calcium atoms are captured at the crystal surface, bor-
rowing deficient fluorine ions out of the near-surface layers
thus forming a new lattice layer. Anion vacancies created
in near-surface layers and electrons, which arise due to
reaction Ca’ — Ca’* + 2e, diffuse into the crystal bulk

due to sufficiently large vacancy mobility at the colouring
temperature. Recombination of these components at the
crystal cooling results in formation of various types of
colour centres [30, 31].

The concentration of vacancies/electrons that can be
introduced in CaF, crystals during the colouring depends
on both temperature and calcium vapour pressure. Under
stiff colouring conditions (relatively high T and p), this
concentration reaches units of 10'® cm ™.

In the colouring process, a relatively fuzzy border
between coloured and non-coloured segments of the crystal
(Fig. 2a) moves from the sample surfaces into its bulk until
all volume of the sample appears uniformly coloured.

The colouring rate is mainly determined by the tempera-
ture. The homogeneous colouring of the 10 x 10 x 10 mm
sample of the crystal at 7 = 830 °C takes around 3.5 h.

Features of additive colouring of CaF, ceramics were
studied in [35].

3 Features of the additive colouring of CaF,:Yb
crystals

3.1 Samples and results of their additive colouring

Unlike undoped CaF, crystals, when colouring crystals
doped with RE ions, anion vacancies that diffuse into the
crystal bulk recombine with interstitial F~ ions compen-
sating the +1 extra-charge of RE*" ions in as-grown
crystal whereas electrons are captured by these ions thus
converting them into a bivalent state.

CaF,:Yb crystals used in this study were grown from
high-purity initial material that had been additionally
purified by melting together with PbF, scavenger with a
concentration of 3 wt.%. Fluorinated dopant YbF; together
with initial material and an additional quantity of PbF,
scavenger were loaded into a Bridgmen-Stockbarger set-up
with a multichannel crucible [36]. The crucible was a
graphite cylinder of 130 mm diameter and 70 mm length
with 24 growth channels of 16 mm diameter and 50 mm
length each. Three of these channels were used for simul-
taneous growth of crystals with different Yb content; the
channels were isolated from each other by a graphite shield
plugs. The distribution coefficient of Yb in CaF, is close to
unity [37, 38]. The homogeneous distribution of impurity
over as-grown CaF,:Yb crystals was observed in [25].

Three CaF,:Yb crystals with Yb concentration of
2.2 x 10", 6.2 x 10'® and 1.1 x 10" cm™ as deter-
mined by a mass-spectrometric analysis were grown;
samples fabricated from these crystals will be referred to as
Sample 1, Sample 2 and Sample 3, respectively.

Absorption spectra of as-grown crystals recorded with a
Cary-500 spectrophotometer are shown in Fig. 3. The band
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Fig. 3 Absorption spectra of as-grown: (dashed line) Sample 1,
(dotted line) Sample 2, (solid line) Sample 3
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Fig. 4 Absorption spectra of additively coloured: (dashed line)
Sample 1, (dotted line) Sample 2, (solid line) Sample 3

in the infrared (IR) range of the spectra is due to Yb> " ions,
whereas those in the UV range, together with Yb*™ bands
229.0. 262.2, 274.2 and 365.0 nm, contain several bands
tied to f — d transition in trace RE®" impurities, in par-
ticular, 306.0 nm band of Ce®". Note that relative inten-
sities of Yb>* and Yb>" bands differ for various samples,
which testifies to slightly differing reducing conditions in
the growth process.

The rectangular samples 12 x 12 x 6 mm for the
additive colouring were cut out from these crystals. The
colouring was executed at 7 = 850 °C and p = 0.026 mbar.
In the same colouring conditions, two undoped CaF, samples
12 x 12 x 10 mm were treated. One of these samples
was homogeneously coloured for 2 h, whereas the second
was coloured for 15 min to observe the border between
coloured and non-coloured segments (Fig. 2a). The
homogeneous colouring of Sample 1 and Sample 2 took 15
and 25 h, respectively; for both samples, the colouring was
executed for several 5-h cycles (the time after reaching the
working temperature). To observe the border between
coloured and non-coloured segments, the Sample 2 was
extracted from the set-up after the first two cycles and a

@ Springer

photograph was taken through the 12 x 5 mm polished
side facet (Fig. 2b). It was then returned into the set-up to
continue the colouring procedure.

For Sample 3, the thickness of the coloured segment
after 20 h colouration was about 1.5 mm. The homoge-
neous colouring of this sample was not performed since it
needed too much time.

Unlike undoped crystals, the border between coloured
and non-coloured segments of Yb-doped samples is
extremely sharp (Fig. 2b).

Absorption spectra of additively coloured CaF,:Yb
samples are presented in Fig. 4. One may see the disap-
pearance of the Yb*" band for Sample 1 and Sample 2.
This means that a total Yb>" — Yb*" conversion took
place for these samples. Correspondingly, the UV absorp-
tion of Yb>T ions increased; bands of trace RE> ions
disappeared. An ~80 % decrease of intensity of the Yb>"
band is observed for the coloured segment of Sample 3.
This means that ~9 x 10'® cm™ vacancies were intro-
duced into this sample in the process of its colouring. Using
the method for determination of vacancy concentration for
undoped CaF, crystals [31], we find that for the reference
(undoped) sample, which was coloured in the same con-
ditions, this concentration is 2 x 107 cm 3. Thus, the
quantity of anion vacancies/electrons that can be intro-
duced into CaF,:Yb crystals with a Yb concentration of
1.1 x 10" cm™ exceeds by nearly two orders of magni-
tude the quantity for the undoped crystal.

3.2 Discussion of experimental results

The reason for the sharp slowing-down of additive colour-
ing of Yb-doped samples is as follows. At the colouring
temperature, together with the process of the capture of
electrons by Yb3 ions, the reverse process of thermal
ionisation of Yb*" ions is going on with the formation of
free electrons. Frenkel defects, anion vacancies and inter-
stitial F~ ions are formed simultaneously. Thus, a certain
concentration of electrons and anion vacancies is main-
tained in the coloured region of the sample, where maximal
possible (at given conditions) reduction of Yb ions occur-
red. As a result, the concentration gradient of these com-
ponents between the coloured segment of the sample and its
surface are reduced compared with undoped crystal. This
diminishes diffusion fluxes of vacancies/electrons into the
sample bulk, i.e. increases the colouring time. The larger the
YDb concentration, the more is its colouration time.

The degree of diffuseness of a boundary between the
coloured and non-coloured segments of the sample is
determined by the diffusion path-length of the vacancy,

2 Absorption spectrum of a thin (~1 mm) layer that was cut off the
coloured segments of the crystal was recorded for Sample 3.
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which is limited (in RE-doped crystals) by its recombina-
tion with interstitial F~ ions. A sharp boundary between
coloured and non-coloured segments in RE-doped crystals
indicates a threshold character of the dependence of a
vacancy-free path on the reduction degree. Apparently, the
threshold is reached when the concentration of compen-
sating interstitial F~ ions becomes comparable to the
concentration of “Frenkel” F~ ions. The achievement of
this threshold limits the advance of vacancies into the
uncoloured segment of the sample.

The flux of anion vacancies/electrons that diffuse into
the sample bulk is determined by a difference in their
concentration on the sample surface and in the adjacent
(coloured) segment of the volume. The concentration in
this segment depends on the production rate of these
components. This rate in the coloured segment of undoped
crystals is determined by the thermal dissociation of colour
centres. The activation energy of this process is around
1 eV [39]. In crystals with high Yb content, electrons are
mainly produced by the thermal ionisation of Yb*" ions
(activation energy ~4 eV [40]). The main source of
vacancies in these crystals is Frenkel pairs, whose forma-
tion energy is 2.7 eV [39]. Thus, the bulk generation of
anion vacancies and electrons occurs more slowly in
reduced segments of Yb-doped crystals than in such seg-
ments for undoped crystals with colour centres. This cir-
cumstance explains the much higher concentration of
vacancies/electrons that can be introduced into Yb-doped
crystals compared with undoped crystals.

One may see in Fig. 4, the decrease of IR absorption
with increased wavelength for the coloured -crystals
(especially significant for Samples 1 and 2). The point is
that at the crystal colouring, together with Yb>™ — Yb*"
conversion, a competitive process of colour centre forma-
tion takes place. The trifle quantity of these centres arises
even during Yb3t reduction; their formation continues
after the total Yb** — Yb** conversion (Samples 1 and
2). The above-mentioned absorption decrease with wave-
length increase is due to long-wavelength tails of near-IR
bands of some centres (note also the highly stretched
ordinate scale for the IR range in Fig. 4).

The same reason, i.e. the colour-centre formation, is
responsible for the intensity increase at the long-wave-
length wing of the 365.0 Yb*" line for additively coloured
Samples 1 and 2.

4 Determination of Yb>" concentration in CaF,:Yb
crystals and ceramics

The concentration of Yb®' ions in CaF,:Yb crystal/
ceramics can be determined provided that a cross section,
o, of a certain absorption line of this ion is known. The

Table 1 Parameters of Yb>" absorption spectrum of Sample 2

Absorption band (nm) k(em™h o (107 cm?)
365.0 45.85 7.40
274.2 23.70 3.82
262.2 36.32 5.86

Table 2 Yb*" concentration in CaF, crystal/ceramics

Sample N(YDb), k(365 nm), N(Yb*),
10 cm™3 cem™! 107 cm™3
Sample 4 7.82 1.33 1.80
Sample 5 6.52 0.22 0.30
Sample 6 6.52 0.13 0.18

total Yb** — Yb*" conversion in the Samples 1 and 2
allows determination of this quantity. The additively col-
oured Sample 2 was chosen for this purpose since its
absorption spectrum is less disturbed by the colour centres
than the spectrum of Sample 1 (Fig. 4). The cross section
of the bands 365.0, 274.2 and 262.2 nm were determined
by the formula

6 = ka/N>(YD), (1)

where k, and N, (Yb) are the absorption coefficient of
corresponding absorption band and Yb concentration in
Sample 2, respectively. The found values of o for these
bands are given in the Table 1.

The knowledge of these parameters enables estimation
of N(Yb®") by the spectrum of any CaF,:Yb crystal/
ceramics by the formula:

N(Yb*) =k/o, (2)

where k is the absorption coefficient of one of these bands
in the spectrum of the sample under study and o is the
cross section of this line.

To illustrate the application of this technique, the spectra of
three samples with typical “laser” concentrations of Yb were
recorded (Table 2): (1) as-grown CaF,:Yb crystal (Sample 4,
Fig. 5); (2) as-fabricated CaF,:Yb ceramics (Sample 5,
Fig. 6); (3) the same ceramics subjected to fluorination
(Sample 6, Fig. 6). The spectra of these samples show a non-
structured background; it is significantly more expressed in
ceramics than in crystals with similar Yb** concentration. As
seen in Fig. 6, the background is partly tied to the Yb*"
content; however, their causal connection is not clear.

The approximation of background for the spectral range
~250-400 nm, in which the above-mentioned bands are
found, needs the use of high-order polynomial function;
for Sample 5, such an approximation is problematic. There-
fore, the band 365 nm relatively isolated in the spectrum was
chosen for estimation of the Yb*" concentration. We propose
that for the referent Sample 2 k(330 nm) = k(400 nm) ~ 0

@ Springer
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Fig. 5 Absorption spectrum of as-grown CaF,:Yb crystal (Sample 4).
The straight line shows the background approximation. Dotted line
shows the 365 nm band after background correction
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Fig. 6 Absorption spectra of: (dotted line) as-fabricated optical
ceramics (Sample 5) and (solid line) the same ceramics after the
fluorination procedure (Sample 6)

and approximated the background for Samples 46 in the
spectral range 330-400 nm by a straight line. The sub-
traction of its ordinates out of k meanings gives an
approximate shape of 365 nm band “purified” from the
background. This procedure is shown for Sample 4 in
Fig. 5. The background approximation by the second-order
polynomial function gives practically the same band shape.

The o (365.0) parameter and k peak meanings for the
purified bands were used to estimate the values of N(Yb”)
for samples under study accordingly to Eq. (2). These
values are given in Table 2 together with the total Yb
concentrations in the samples.

5 Conclusions

An additive colouring technique has been used for the total

conversion of Yb°" jons in low-concentration CaF,:Yb

@ Springer

crystals into a bivalent state. Significant distinctions in the
colouring of undoped and RE-doped crystals have been
found. The colouring of RE-doped crystals is occurring
much slower than compared to undoped crystals, the border
between coloured and non-coloured segments of the sam-
ples is considerably more distinctive, and the concentration
of anion vacancies/electrons introduced into the samples at
its colouring is much higher. The physical mechanisms
responsible for these distinctions are discussed. It was
found that for crystals with Yb concentration that do not
exceed ~6 x 10'® cm™, the colouring conditions used in
this study ensure the total conversion of Yb>" ions present
in the crystal into a bivalent state. This fact made it pos-
sible to find the cross-sections of several Yb*™ absorption
bands. The knowledge of these parameters allowed esti-
mation of the Yb*" content in as-grown CaF,:Yb crystal
and two samples of CaF,:Yb ceramics, as-fabricated and
fluorinated after the fabrication.
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