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Abstract

In this paper we report the ideal concentrations for the main infrared laser channels of the Er**- and Ho**-doped LiYF,
(YLF) crystals, under Xe lamp pumping. The number of photons per luminescent channel was also obtained for both ions. It
was determined that 10-20% of Erbium at.wt is the ideal concentration for laser action at 2.74 wm, as well as the 1.7%
Er-doped YLF crystal is the best one for lasing at 0.85, 1.23, and 1.72 wm under flashlamp pumping. The present method is
a good approach in order to indicate the ideal concentration for an optimized four-level laser system. For the transitions at
1.62 pum (Er:YLF) and at 2.07 um (Ho:YLF) it was observed that the luminescence intensities are maximized in the
concentration range (25-35)% for Er ions and in the range (10-15)% for Ho ions in the YLF crystals. However, these
concentration values are much higher than the ones used in a practical three-level laser system.

1. Introduction

The lasers based on the rare-earth (RE**) ion
transitions in crystals are very useful for a large
number of applications in industry, {1-4] science,
[5,6] medicine, [7-10] communications, lidar and air
defense [11,12]. Among those lasers, the ones based
on Er** and Ho®* are important because of their
laser transitions, which run from 0.80 to 3.00 pm.
The overlapping of the water absorption spectrum
with these lasers emissions at 2.74 pm (Er:YLF) and
2.07 wm (Ho:YLF), makes them very convenient as
medical tools for cutting, ablation, and other medical
processes where the laser interacts directly with the
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biological tissues, whose composition is mainly wa-
ter.

In a previous work, we studied the temperature
dependence of the Er and Ho ions luminescence in
LiYF, crystals [13,14] for low and high dopant con-
centration. Pumping the 4Gll ,, manifold of low
Er-concentration crystals at 77 K, the most intense
luminescences are: 453/2—->4I,5/2 at 548 nm and
453/2 —>4II3/2 at 847 nm. On the other hand, at a
higher concentration (38.5%), those transitions are
quenched by both temperature (room temperature)
and concentration and therefore, the other mid-in-
frared luminescent channels, beyond 850 nm, are the
main contributors to the total luminescence of that
laser material. For the Ho:YLF crystals, the high
concentration effect introduces the quenching of the
visible transitions favoring the transitions at 1.2 um
C1, =1y and at 2.1 pm C1, —°1,).
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Although that previous work demonstrated how
temperature and a drastic change in the dopant con-
centration affects the luminescence of these laser
materials, the effects of the activator concentration
variation on the luminescence of the main laser
transitions of Er** and Ho" ions in LiYF, crystals
were not investigated.

Pumping the Er and the Ho:LiYF, crystals with
the white light from a Xe lamp, one simulates the
crystal behavior inside a flashlamp pumped laser
resonator, where almost all the transitions of the
activator are excited (see Fig. 1 for the Er:LiYE,). In
the present work, the active ion (Er, Ho) concentra-
tion in the YLF crystals was varied, keeping the
same pumping conditions in order to verify the best
concentrations for each laser transition.

In order to make it clear that the simulation done
is this work is valid we included another figure (Fig.
2), showing the spectrum of our Xe cw lamp (Cermax
Xe, model LX300UV, 300 W) with an IR filter
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(Schott glass KG-3) and also that one referring to a
common ILC Xe flashlamp [15] with a current den-
sity of 3100 A/cm’ and gas pressure of 450 Torr
[16], used to pump erbium lasers. The KG-3 filter
cuts all wavelengths below 300 nm and above 1000
nm. This filter was set together with the Xe lamp, to
simulate a flashlamp pumped water cooled laser
resonator because the thin film of water which works
as a filter for the UV and IR (> 1000 nm) wave-
lengths. It is important to notice that the flashlamp
with the thin film of water presents almost the same
spectrum than the one exhibited by the pumping
system used in the present work.

2. Experiment
A conventional hydrofluorination procedure utiliz-

ing ultra pure rare earth oxides was used to synthe-
size the starting materials for the crystal growth. The
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Fig. 1. (38.5%)Er: YLF absorption spectrum at 300 K referring to the left scale and the Xe lamp plus an KG-3 glass filter (cut-off at 1000
nm) spectrum which was used to pump the YLF crystals, referring to the right scale. 38.5% was the measured value for the Er-concentration

in this crystal.
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Er or Ho:YLF synthesized material was grown by
conventional Czochralski’s method under argon at-
mosphere. Both Ho and Er:YLF boules underwent a
thermal treatment prior to sample preparation, to
eliminate the stress originated during the growth
process. Er doped YLF could be grown in several
concentrations from 1 to 100%. On the other hand,
during the Ho:YLF crystals growth, the holmium
fluoride (HoF,) could be added to the YLF melt
forming a solid solution up to 10% at.wt. For higher
Ho concentrations, however, there is a solute precipi-
tation due to the YF;—HoF, phase-diagram incon-
gruencies; in spite of that the HoLiF, could be
obtained.

After the crystal growth, we selected the regions
of the boules free of scattering to extract the sam-
ples. The samples used in this study were single
crystals of Ho:YLF and Er:YLF with variable RE*"-
ion concentration (1.00, 1.42, 2.77, 4.95, 38.5, and
100% for Er crystals and 1.71, 3.00, 7.00 and 100%
for Ho crystals). 2.7 mm thick Er:YLF and 2.0 mm
thick Ho:YLF crystals were cut and polished with
parallel surfaces for that purpose.

The experimental setup is the same as described

Fig. 3. Experimental setup. D, and D, are detectors (PMT and /or
InSb), M, and M, are monochromators, Ch is a chopper, S is the
sample, L, and L, are lenses, F, is a KG-3 glass filter with a
cut-off at 1000 nm, F, is RG 780 or a thin Si waffer filter, F; is a
2 mm thick Ge waffer filter, and m is a concave mirror (J= 10
cm and curve radius = 15 cm).

elsewhere [13] (see Fig. 3). The excitation was pro-
vided by the stabilized continuous Cermax Xe source,
model LX300UV plus the KG-3 glass filter, de-
scribed earlier in the text. In order to minimize the
stray-light contribution to the measured signal, the
measurements were taken at 90° from the excitation
light-beam. To perform quantitative luminescence
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Fig. 2. Comparison between the spectra of: (a) a common ILC Xe flashlamp (450 Torr and 3100 A /cm?) used to pump solid state lasers,
and (b) a Cermax continuous Xe (300 W) lamp used to pump the Er:YLF crystals in this work.
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measurements the excitation and collecting areas in
the sample under investigation were kept the same.
All the fluorescences, for A <2.6 um, were mea-
sured in arm A by using a system composed by a
filter F, (RG780 or Si filter), a Kratos analyzer
monochromator (0.25 m) with slits of | mm and a
detector D, (S-20 extended, S-1 PMT’s from EMI or
InSb from Judson). Those slits were chosen to match
the integration interval to the multiplet width under
investigation. The only luminescent channel evalu-
ated in arm B was 2.74 um because that lumines-
cence was too weak to be observed in arm A. In that
case, a collecting mirror was used to focus the light
into a detector and a Ge filter was used in front of
the detector D, (InSb, Judson J10 series), which was
cooled at 77 K. The responsivity of all the detectors
(in V/W) was obtained using an electrically cali-
brated pyroelectric radiometer model RS-5900 from
Laser Precision, as a reference.

The transmission band-pass of the analyzer mono-
chromator was taken for each luminescent channel in
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Table |
Filters used in the experimental setup and the arm where the
measurement was taken

Emission range (nm)  Filters set  Filter transmission ~ Arm
T (%)

800-950 RG 780 66 A

1000-2600 Si 50 A

For the Er emission ~ Ge 45 B

at 2740 nm

order to correct the values of the luminescence sig-
nals. It was a Gaussian shape with a half-width of 12
nm.

The luminescence power, corrected and normal-
ized for each luminescent channel, in Watts, was
obtained using the expression:
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Fig. 4. Number of photons emitted by the Er** IR luminescent channels as a function of Er-conccntratlon for the Er: LxYF4 crystals under a
Xe lamp excitation at 300 K. The curves correspond to the following Er* transmons 0.85 um (*S, 2= 1 320, 1.23 pm Sy — I1 1720
102 pm C1y, 5 =%Ls 0% 111 pm CF, , - “Ii3,,0 1.72 pm (S5, - I, ); 1.62 um (1,5, »°1)5,); and 2.74 um ¢ |
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where §; is the measured integrated luminescence
signal (in V), p is a correcting factor (defined in Eq.
(2)) which takes into account the transmission band-
pass of the analyzer monochromator M,, and g is
the ratio between the total solid angle 47 and the
one used in arm A (or B). R is the detector respon-
sivity (in V/W) and T is the optical transmission of
the optical filters used in the experiment. In this
method for the integrated luminescence signal mea-
surement correction (§), the main source of errors
are the factors p and g. As a consequence, a typical
error of 5% must be considered.

The filters used in the experimental setup as well
as the collecting arm, where the data were taken, are
indicated in Table 1. The KG-3 glass filter, with a
cut-off at 1.0 um, was placed in the excitation light
beam path in order to simulate the excitation spec-
trum of a Xe flashlamp typically used to pump a
laser rod inside a laser resonator. The Xe lamp
spectrum with the KG-3 glass filter can be seen in
Figs. 1 and 2.
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The factor p is defined as the ratio between the
corrected luminescence signal and the measured one:

L. SiA(A) 5
7T ESTAG) *

where S, is the luminescence signal at the wave-
length A, T, is the transmission of the monochro-
mator at the ith-A value, and A(A,) is a constant 2
nm wavelength interval at A,.

According to Beer’s law for a single-ion-absorp-
tion, the absorbed power for the ith-channel is pro-

portional to:

P,=P,,[1 —exp(@,d)], (3)
where @; is the average absorption coefficient (@, =
o, N, where o, is the absorption cross-section and N
is the dopant concentration) and d is the crystal

thickness.
The total absorbed power is given by:

Pt=ZPi’ (4)
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Fig. 5. Number of photons emitted by the Ho** IR luminescent channels as a function of Ho-concentration, for the Ho:YLF crystals under a
)ge lamp excitation at 300 K. The Ho** transitions corresponding to those curves are: 1.00 um (5F5 - 517); 1.21 pwm (SI6 i 5Ig); 1.33 um
(S, = L) 1.51 wm CF =°L,); 1.66 um Cl; =°1,); 206 um €1, »°1,); and 2.40 um CF, -°L).
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where ¥, is the summation over all the excited
transitions for A < 1000 nm.

3. Results

Using the Eq. (2) in Eq. (1) one obtains the
equivalent power for each luminescent channel of
Er’* and Ho’* ions. Dividing the power of one
channel by its average photon energy, one gets the
number of emitted photons per second corresponding
to that luminescent channel. The same procedure was
adopted for all the luminescent channels studied in
this work. Figs. 4 and 5 show the number of pho-
tons /s per luminescent channel, for several Er- and
Ho-concentrations in YLF crystals. All the measure-
ments were performed at room temperature since
lasers working at low temperatures are more compli-
cated to be operated, and so one always expect to use
a laser which works easily at room temperature.

4. Discussion and conclusions
4.1. Er®*:YLF crystals

4.1.1. Luminescent transitions from the ‘S, sz and
4F9 /2 laser levels

Fig. 4 shows that for low Er-concentration, i.e.,
from 1 to 2%, the Er’* four-level laser transitions
most favored at room temperature are: 0.85, 1.11,
1.23, and 1.72 pm. For those transitions the number
of photons/s as a function of the Er-concentration
peaks at 1.7%, showing that the cross-relaxation
processes are very efficient for concentrations above
1.7%, causing the decrease of the population from
the *S, ,2 and ‘K, /2 levels. When the ion concentra-
tion increases from a very low value up to 2%, the
absorbed power and the emission intensities of the
4S3 /2 and 4F9 2 levels increase. As a consequence,
the number of photons emitted by these levels also
increase. On the other hand, concentrations above
2% favor the cross-relaxation processes, which de-
populate those levels, then producing the maximum
luminescence peak for about 1.7% of Er in LiYF,
crystals and a drastic decrease above this concentra-
tion.

Some authors [17-20] studied only the *S, /2 life-

time as function of the Er concentration for the
LiY,_,Er,F, (where x = 0.01-1.00) crystals.
Tkachuk et al. [17] indicated that an optimum Er
concentration range, for the laser transitions at 0.85
and 1.23 um, is 2 to 5% of Er:LiYF, crystals, due to
the ion—ion cross-relaxation processes which quench
the 4S3 , luminescence. Barnes [18] pointed out that
(6%)Er is the most appropriate concentration for a
particular Q-switched Er:YLF pulsed laser at 1.73
um. Pollack et al. [19] used a (5%)Er:YLF crystal to
obtain laser action at 0.85, 1.23, and 1.73 pm by
upconversion processes. Kintz et al. [20] observed
that the laser transition at 1.73 um is not affected by
a concentration of (2%)Er. On the other hand, con-
centrations > (4%)Er quench the ‘S, /2 lumines-
cence and for a (16%)Er crystal, that laser level is
completely quenched. The results presented by Kintz
et al. [20] are the closest to the present work (see
Fig. 4) for the transitions from the 4S3 /2 laser level.
We observed a similar behavior for the transition at
111 um CFy,, —*1};,,), peaking at (1.7%)Er,
which was not studied before, at least to our knowl-
edge.

4.1.2. Luminescent transitions from the 41, 1,2 and
41,3 /2 laser levels

Fig. 4 also shows that the emission at 1.62 pm is
favored in the 25-35% Er-concentration range, and
for the laser transition at 2.74 um, an Er-doped YLF
with 20-40% should be the most convenient candi-
date.

Studying the Er:YLF emission at 1.62 um, we
observed that the number of photons per second
emitted by that channel increased nine times for the
(38.5%)Er:YLF system in comparison to the 1%
Er-doped one, while the total absorbed power (for
white light excitation) increased only by a factor of
two. It shows that when one increases the Er concen-
tration, the cross-relaxation transfers the population
from the 483/2 and “Fg/2 levels to the 41“/2 and
4I13 ,2 ones, enhancing the number of photons emit-
ted by the latter levels by a factor of ~ 4.5.

It was also observed that for the 4113/2 —>4115/2
transition at 1.62 um and, ‘I, , »°I;; ,, at 2.74
pm, the curves corresponding to the number of
photons (see Fig. 4) emitted per second as a function
of the dopant-concentration show a pronounced ini-
tial increase, followed by a saturation for the concen-
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tration range from 20 to 40%, and then, slightly
decreasing for higher Er concentrations.

Accordmg to Auzel et al. [21] the *I,, ;2 and

I,3,, laser level lifetimes are almost constant for
concentrations up to (20%)Er, decreasing rapidly for
concentrations higher than (25%)Er, because of the
upconversion processes to higher energy levels, caus-
ing losses during the 3 wm laser action in Er:YLF.
Studenikin et al. [22] studied the concentration ef-
fects in the laser transition at 3 pwm for EnYAG on
the concentration range from 0.1 to 100%. Their
conclusions are very similar to the ones from Auzel;
however, the authors attributed the luminescence
quenching observed to some impurities whose con-
centrations increase with the increase of Er concen-
tration, for > 20%(Er).

We observed a luminescence saturation behavior
for concentrations > 10%(Er), for the transitions at
2.74 um and at 1.62 um (see Fig. 4), which is
expected if a;d > | in Eq. (3), i.e., this condition is
satisfied for this concentration level. The decrease in
the number of photons/s for concentrations above
40% shows that there are some quenching processes
occurring. In a previous publication [13,14] we at-
tributed that quenching process to the energy transfer
from the leve]s IH/2 and 113/2 of Er’* ions and
from the 1, and ° ’I, of Ho* ions to the molecular
impurities Mg**(OH ) and CHO™ present in the
crystal lattice.

Other effects such as self-quenching or upconver-
sion, besides the energy transfer to sink impurities,
must be considered in order to estimate the effective
gain of the Er or Ho:YLF laser medium at high
concentrations. Particularly, taking into account all
the considerations above, we can indicate that for the
Er laser transition at 2.74 um, the ideal concentra-
tion range is 10% < x <20% (where x is the Er
concentration).

4.2. Ho'*:YLF crystals

From Fig. 5 one verifies that the most intense
luminescence of Ho ions are: 1.21 um (SI =),
206 um CI, —>°Iy), 240 um CF - 1) While
the transitions at 1.00 and at 1.51 um increase with
the Ho concentration, the other luminescences de-
crease.

The 2.06 wm luminescence I, —°I,) of the

Ho’*:YLF crystals is maximized for concentrations
in the range from 10 to 15%. Since that transition
represents a three-level laser, such a high concentra-
tion would not help to improve the laser action
because of the upconversion processes which adds a
lot of population to the higher Ho levels, increasing
the losses of the laser medium. To solve that prob-
lem a sensitizer is added to the melt, generally Er or
Tm ions, which efficiently transfer energy to the
upper laser level 517.

For the transition 516 —>518, at 1.21 pm, the ideal
concentration was in the range from 3 to 7%. The
transition °S, =1, at 1.33 wm, points out the range
from 8 to 15%(Ho), decreasing for higher concentra-
tions. The transition 5F5 —>515, at 240 um, is fa-
vored for Ho concentration between 7 and 10%. The
other transmons commg from the F5 laser level
CF, —°L, and °F; —’I,) ]ust 1ncrease with the con-
centratlon The lummescence I - I7 at 1.66 um,
decreases all the way when the Ho concentration is
increased. The transition at 2.9 wm, "I, —=°I,, was
too weak to be observed in our experimental setup.

According to Tkatchuk et al. [23] under a weak
lamp pumping for a Ho:YLF crystal, the lasers level
’S,, ’1,, and "1, are self-quenched with the increase
of the Ho concentration. For a HoLF crystal, under a
strong lamp pumping, there is an energy migration to
the long-lived levels 5I6 and ’1,, and the interaction
processes between excited ions as well as the nonlin-
ear processes due to the pumping intensity have to
be taken into account. If one compares the HoLF
crystal with the activated ones Ho®*:YLF, that con-
dition improves the stimulated emission generation
on the °F; =1, (j =S5, 6, 7) whereas the S,, ’F,)
term becomes nonradiative and no lasing is ob-
served. Particularly, the presence of cross-relaxation
interaction is related to the absence of lasing for the
transition 516 —~>517, at 3.00 pwm, for the HoLF crys-
tals and to the possibility of obtaining laser from the
short-lived multiplet °F; for the transitions °Fs =1 ;
(j=5,6,7. '

We observe that the behavior of luminescent tran-
sitions from the level *F; at 1.00 and 1.51 um (see
Fig. 5) with the increase of the Ho concentration are
in agreement with Tkatchuk’s data, but the transition
at 2.40 pm from the same laser level showed a
different behavior, exhibiting a short range of maxi-
mization. Also in agreement with that author are the
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transitions coming from the levels I, and °I, to the
ground-state 518 and the one from 515 to °I,. Those
transitions suffer a very strong quenching on its
luminescence, and since the first two are transitions
to the ground state, they should not be efficient
unless the Ho ions are sensitized by donnors.

In conclusion, although this method is a good
approach to determine the ideal RE>*-concentration
for a four-level laser transition system, it is not very
convenient for a three-level laser such as the ones at
1.62 um (Er:YLF) and at 2.06 um (Ho:YLF). For
the latter one, the method is useful to study the ion
luminescence behavior. Concerning the laser action
of a three-level system, one needs to consider the
laser medium gain and the losses due to the non-lin-
ear processes, which have a strong dependence on
the activator concentration. Indeed, the laser gain of
a three-level laser is very low for a high dopant
concentration (= 2 mol%) since a significative frac-
tion of activator population remains in the lowest
Stark level from the ground-state at room tempera-
ture, precluding the population inversion and creat-
ing problems to achieve the threshold.
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