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A LuAG shaped rod crystal, doped with Yb®", has been grown by p-PD technique. The crystal diameter was
about 3 mm and the length around 130 mm. A complete spectroscopic investigation in the temperature
range 10-300 K is reported and data has been utilized to model the laser behavior. In the laser experiment
the Yb:LuAG sample was placed in an X cavity and pumped longitudinally obtaining an efficient CW laser
emission. The Yb:LuAG laser yielded a maximum output power of 23 mW with a slope efficiency of 32%
and a threshold around 35 mW, at lasing wavelength of 1030 nm. No significant depolarization effects
were observed, indicating a crystal growth with negligible stress. The output beam profile was investigated,
yielding M?~ 1.0 in both directions, further confirming the good optical quality of the sample.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The development of lasers in the near infrared region, in particular
around 1 um, started long time ago and at present the market offers
devices to fulfill any research or industrial needs. Nevertheless the re-
search for new materials or new ways to realize old ones is still running.
The most popular and diffuse devices are Yb>* and Nd>* based laser,
and the most used host is largely YAG. It has a cubic crystal structure
and it exhibits good thermal conductivity (10.7 Wm~"! K~ 1) but it de-
creases, increasing the doping level. This behavior could be problematic
in high power applications even if power as high as 1 kW [1] has been
obtained. An interesting option to YAG is LuAG, which has a lower ther-
mal conductivity (8 Wm~!K~!) but almost independent from the
doping level, in contrast with the decreasing one of YAG; the LuAG
hardness in Moh's value is 8.5. This feature makes LuAG an appealing
material for high power laser applications. For this reason a fast and
cheap route to obtain laser grade LuAG single crystal could represent
the starting point for an upgrade of the current technology based on
YAG host. In the present work we report on the laser emission and spec-
troscopic investigation of a LuAG:Yb>* crystal, grown by micro-pulling
down (u-PD) technique. This is not the first laser emission [2] obtained
with a LuAG sample coming from p-PD technique, but our sample
demonstrates more efficient laser performances, as discussed in the
following. In particular, we intended to assess the intrinsic optical quality
of the crystal, therefore we employed low-power pumping in order to
discern crystal flaws from possible thermal effects showing up at higher
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excitation levels. The p-PD technique has demonstrated to be useful in
developing fiber or rod shaped crystals suitable to be easily used in a
laser cavity [3,4,5,6,7]. We want to underline that utilizing this tech-
nique it is possible to grow fibers with diameter as low as 500 pm,
that cannot be obtained from massive boules, allowing a more effective
cooling in high power applications. Moreover all the raw material loaded
in the crucible can be utilized in the crystal growth and it is possible to
load very small amount of raw material to grow small sample in an op-
timizing feedback loop. So p-PD represents a cheap and relatively fast
way to grow this or other hosts in developing laser grade materials,
not necessarily as long fiber-like monocrystals or minirods, but also in
smaller pieces usually employed in low-power microchip and ultrafast
laser oscillators.

2. Crystal growth and experimental setup
2.1. Crystal growth

The sample under investigation was a LUAG single crystal doped
with 1%.at Yb>* concentration which has been grown from an oriented
seed. The growth was performed in the NEST laboratories, that are
equipped with a homemade p-PD furnace with RF heating. LuAG is a
rare-earth garnet, having a cubic crystal structure (space group
0y, '°-la3d) with lattice parameter a=11.906 [8]. The rare earth triva-
lent ions normally fill the dodecahedral lattice sites, with a negligible frac-
tion of octahedral occupation at low doping levels [9]. Special care has
been devoted to the quality of vacuum system, which has an ultimate
pressure better than 10~ 7 mbar and the growth process was carried
out in a high-purity (99.999%) argon atmosphere. The powders, from
AC materials (Tarpon Springs, Fl, USA) had 5 N purity and the sample
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was grown starting from Lu,03 and Al,03 as raw material and a proper
amount of Yb,03 powder. Growing has been performed in an Iridium cru-
cible with a bottom tip of 3 mm diameter and an orifice of 0.5 mm. Dur-
ing growth the pulling rate was about 0.3 mm/h, and the temperature of
the melt was about 2350 K. The average size of the LUAG crystal, shown in
Fig. 1, was about 3.02 + 0.04 mm in diameter and 130 mm in length. The
crystal has been annealed at 1700 K in air in order to oxide the Yb?™ ions,
that are usually present in the as grown sample and give it a bluish color,
to Yb> . The optical quality of the grown crystal has been checked ob-
serving the transmission of a He-Ne TEMyq laser beam, demonstrating
the absence of macroscopic defects (see Results and discussion section).
From the rod, two samples were prepared, one for the laser experiment
and another for spectroscopic measurements.

2.2. Spectroscopy

Room temperature absorption measurements were performed by a
CARY 500 spectrophotometer in the range 300-2000 nm with a resolu-
tion of 1 nm, in order to check the absorption lines of the Yb® * and also
to verify the absence of lines belonging to pollutants or Yb>* ions. We
recorded a detailed spectrum from 800 to 1100 nm relative to the
2F;,— ?Fs, laser transition with a resolution of 0.6 nm. The fluores-
cence measurements have been performed by exciting the sample
with a near infrared laser diode tuned at 980 nm, according to the ab-
sorption spectrum of LuAG:Yb3*. The sample was placed inside a CTI
CRYOGENICS helium cryo-cooler which allows measurements in the
range 10-300 K. The laser beam was focused onto the sample by
means of a 10 cm focal length lens. The fluorescence was collected by
a 7.5 cm focal length infrasil lens, perpendicularly with respect to the
excitation beam in order to minimize pump spurious scattering collec-
tion. Luminescence was focused on the entrance slit of a 32 cm focal
length Jobin-Yvon monochromator and opportunely filtered. The
monochromator was equipped a 600 g/mm diffraction grating to operate
in the wavelength range around 1000 nm. Signal was detected by an
InSb detector, cooled to the liquid nitrogen temperature and acquired
by a SR830 Lock-in Amplifier. The resolution of the fluorescence spectra
was 2.5 nm in the range 870-1080 nm. The acquired spectra were nor-
malized for the optical response of the system using a black-body
source at 3000 K. Levels lifetime were measured by means of a pulsed
tunable Ti:Al,05 laser with a 10 Hz repetition rate and 30 ns pulse
width. In all lifetime measurements the pulse energy was reduced as
much as possible to minimize power dependent effects. The exciting
beam was properly attenuated to avoid radiation trapping that affect
the lifetime of the ?Fs/, manifold, moreover the laser beam was focused
near the edge of the crystal utilized for light collection. To prevent the
detection of scattered laser light, the collected radiation was suitably fil-
tered. Signal was detected by an InSb detector, cooled to the liquid ni-
trogen temperature and amplified, with an overall response time of
about 3 ps. Data acquisition was performed with a digital oscilloscope
connected to a computer.

2.3. Laser

The experimental setup is depicted in Fig. 2. The pump diode was
a single-mode 300-mW laser diode (FLC GmbH), emitting at 935 nm
with a narrow single-longitudinal and single-spatial mode with
50 pm linewidth. The pump radiation was collimated with a 0.4 NA,
6.24 mm focal length aspheric lens. A pair of anamorphic prisms

Fig. 1. LuAG fiber after the annealing at 1700 K.
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Fig. 2. Resonator layout. LD: pump laser diode; L;: aspheric lens (6.5-mm focal, NA
0.4); APP: anamorphic N-SF11 prisms pair; L,: spherical singlet lens (100-mm focal);
Mjy: concave mirror, 50 mm curvature, high-reflectivity (HR) at 1000-1100 nm, high-
transmissivity at 900-950 nm; M,: concave mirror, 100 mm curvature, HR; Ms: flat mir-
ror: HR; OC: output coupler, 30’ wedge. In the Inset: P: SF10 prism; OC: output coupler.

was employed to reshape the elliptical pump beam, and a 100 mm
spherical singlet lens was used to eventually focus the pump into
the active medium. The maximum power delivered to the laser crys-
tal was 270 mW. A CCD camera was employed to characterize the
pump beam profile in the focal region of the optical system yielding
waist radii Wpex Wy, =25x25 um? in air and beam quality parame-
ters Mz = 1.2 and M; = 1.2. The resonator beam waist radius was cal-
culated to be 15-20 pm within the stability range. The pump spot
dimensions were optimized in order to both ensure a reasonable
mode-matching with the resonant beam and a pump beam confocal
parameter comparable with the length of the active medium, to min-
imize the effect of the reabsorption losses in the quasi-three-level ac-
tive medium. The Yb:LuAG laser crystal was a 4.5 mm long, 1%-doped
rod, with a diameter of 3 mm. The active medium was contacted to a
metallic plate, without any active cooling, and oriented at the Brew-
ster angle in order to minimize insertion losses. In order to compen-
sate for cavity mode astigmatism, M; and M, folding angles were
set to about 7°, whereas the separation between M; and M, was cho-
sen to be ~86 mm in order to operate the resonator near the center
of its stability range. The M,-M3 and M;-OC cavity arms length was
about 260 and 350 mm, respectively. In order to make a significant
comparison, a commercial 10%-doped, 1 mm thin Yb:YAG crystal
grown by Czochralski method was also characterized with the same
laser setup, with a pump focusing lens of 75 mm focal length, yielding
a pump spot inside the active medium of about wy, x W, =20 x 20 um?.
This optimized the performance of the thinner Yb:YAG sample, better
matching its shorter absorption length with the confocal parameter.
Unfortunately, Yb:LuAG crystals grown by traditional techniques were
not readily available for a more straightforward comparison.

3. Results and discussion

The optical quality of the crystal has been checked measuring the
distortions caused by the sample on the propagation of a TEMgg
helium neon laser beam. The TEMyy mode was selected by using a
pinhole and the outcoming beam dimensions were regulated with
an iris diaphragm in order to obtain a spot slightly smaller than the
sample diameter. The beam intensity profile was acquired with a
CCD camera equipped with proper imaging lenses. In Fig. 3a it is pos-
sible to observe the intensity profile of the beam, and the diffraction
pattern produced by the iris is well evident. In Fig. 3b the intensity
profile obtained inserting a LuAG sample on the laser beam without
changing the other experimental conditions is shown. The intensity
profile confirms the absence of significative defects inside the
sample.
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Fig. 3. a) Helium-Neon laser beam image without the LuAG sample. The diffraction
pattern produced by the iris is well evident. b) Laser beam image propagated through
the LuAG sample.

3.1. Spectroscopy

Absorption measurements: The absorption measurements have
been performed at room temperature with non polarized light, due
to crystal isotropy. A first spectrum has been recorded in the range
300-2000 nm, with a lower resolution, in order to check the absence
of residual Yb?* bands and of possible pollutants. After this check a
second detailed spectrum was acquired in the range 800-1100 nm,
with higher resolution, to determine the Yb®* absorption lines rela-
tive to the 2F;,, — 2Fs, transition, and to check the doping level. In
Fig. 4 the absorption spectrum is shown, the most intense absorption
peak corresponds to the zero phonon line and lies at 968.4 nm with a
o= 1.4cm~! and the absorption at pump wavelength (935 nm) was
about ap=1.1cm™1.

Fluorescence and lifetime measurements: Fluorescence spectra, in
the range 900-1070 nm, were recorded as a function of temperature
between 10 and 300 K, shown in Fig. 5. The emission peaks show a
small red shift as temperature increases toward 300 K, and from the
spectra it is possible to evaluate an emission peaks shift of 1.4 pm/K
in general agreement with the literature value of 4 pm/K obtained
for a different system (Nd:YAG) [10]. Lifetime measurements, in the
range 10-300 K, have been performed exciting the sample with a
pulsed tunable Ti:Al,05 laser as previously described. The careful
choice of exciting power allows us to avoid radiation trapping effects
within the experimental errors. The decay curve shows a single expo-
nential behavior and the lifetime value of the 2Fs/, manifold was inde-
pendent on the temperature with an average value of 1.03 +0.02 ms.

1.4
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Fig. 4. Room temperature Absorption spectrum for LuAG: 1 at.% Yb> T relative to the
transition 2F;,v — 2Fs)3.

Measured lifetime is in agreement with literature values [9,11]. In
order to evaluate the laser performances the emission cross section,
utilizing the B—7 method, and absorption cross section have been
calculated. The behavior agrees with that reported in literature
[9,11] and it is shown in Fig. 6.

3.2. Laser

Model for the quasi-three levels laser. Quite general, space-
dependent models of quasi-three levels lasers by Fan et al. [12] and
Risk [13] yield accurate predictions in most situations. However,
they require a minimum of numerical approach and are usually ap-
plied to lasers operating at a precise wavelength, for which generally
the degeneracy factors and the occupation probabilities of the sub-
levels are known quantities. Here we use a simpler approach, still
valid in many instances, which leads to explicit relationships (output
vs. input power, threshold pump power), providing a different insight
into the physics of Yb and quasi-three levels Nd solid-state lasers. Let
us consider the dynamics of the lower and upper multiplets, assum-
ing fast internal thermalization, with reference to Fig. 7:

dﬂ _m AU +(7e()\P)IP“2 o)y og(Np)Ipy
ac 75 hv, hvp hv; hvp

(1)

n=ny+n,. (2)

The spectroscopically measurable cross section spectra are espe-
cially useful when studying tunable lasers, since wavelength-
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Fig. 5. Fluorescence as a function of temperature for ZFS/Z manifold of Yb>* in LuAG.
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Fig. 6. Room temperature emission and absorption cross section of Yb*>* in LuAG.

dependent parameters such as laser threshold and laser output can be
readily calculated, as it will be shown. As a more compact notation we
define 0.(A\;) =0, etc. The gain coefficient g clearly depends on
emission and absorption cross sections in the wavelength range of in-
terest for laser operation:

& =0, =0, 1. 3)

Most often the parameter 3= n,/n defines the fraction of ion popu-
lation excited into the upper multiplet. The transparency condition re-
quires a pump intensity

hv 1
Ipr (N Np) = L (4)

OupOcr, .
T % =0,

From Eq. (1) at the steady state we can determine 1n,:

Ou I + Op _Ip
0,40, Iy T 0,p+0.p Isp 5
T n 5)
1+ +

nz:

where we defined the laser and pump saturation intensity, respec-
tively:

hv, _ hvp
ISL (O-aL + O-eL)Tf and ISP B (Oal’ + 0-(‘,1’)Tf ' (6)
A Ny

Fig. 7. Laser level scheme.
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In order to simplify the analysis, let us assume that the lower mul-
tiplet is not depleted significantly: Ip<<Isp. This assumption must be
checked for each parameter set, however since Ipr<<Isp, it is likely
that the “small population depletion” approximation holds unless
very strong pumping is used. Laser oscillation occurs at unit loop
gain, that is:

1
2[ Oy —om)dz=L+T )

| !
2J§(0€L 4—(ruL)nzdz—2'[0g o, ndz=L+T (8)

where [, is the crystal length.
According to the assumption of small depletion of the lower mul-
tiplet, the term

1
5= zfog(%n)dz =20yl, 9)

represents the unsaturated losses at the laser wavelength (o is the
absorption coefficient at A;):

vlp

I
g, %+O-u Vp
2-'"% (L“L—IPV"'SL)ndZZLJrTJFS_ (10)
]+t

Assuming small coupling T and parasitic losses L (even though up
to few 10% still yield acceptable errors), the laser intensity in the crys-
tal does not change appreciably:

I by Ny cplp
R e =y B ) (11)
1+E 1+E

Indeed, if Ip<<Isp we obtain ap = (Ogpn; — Oepiy) = Ogpt — (Ogp + Op)
Ny =~ Ogph since well above laser threshold one can verify from Eq. (5)
that ny<<n. Being dP,s/dz= apPp, defining P =1I5A (A is the pump
and laser beam cross section) and considering the standing wave effect
doubling the intracavity intensity at any longitudinal position:

52h Ne Py
PSL 2 )\L PSL 7L
=L+T+5s. (12)
28, 27,
1 +PSL 1 +PSL

Eventually, we can solve for the output power P,=P;T:

N T
w0 7 (13)
Py N
Pabs.th :%)\_II;(L""T""S)- (14)

Considering the initial assumptions, this result is identical to that
for the four-level laser, for example according to the derivation
outlined in Koechner's book [14]. Most remarkable is the fact that
the pump threshold is settled by the reabsorption term 6, whereas
this does not appear to affect the coupling efficiency and the slope
efficiency, even though this might be even larger than practical
values of T, as it happens for Yb:YAG lasers at their peak transition
near 1030 nm. The physical explanation is that above laser
threshold the oscillating field saturates such reabsorption losses,
allowing in principle quantum-limited slope efficiency approaching
unity for very small quantum defects. Notice that both Egs. (13) and
(14) yield results which implicitly take into account the wavelength
dependence of cross sections. Finally, we note that this model includes
the ideal four-level laser as a particular case. Another remarkable differ-
ence, compared with the four-levels system, is the change in the
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absorbed pump power fraction above laser threshold. The pump power
distribution along the longitudinal z coordinate follows the law

dpPp

az - —(O,py —0O,py)Pp (15)

which can also be recast as

dP Our ‘f_L Oup If_P

P 0, +0, Py~ Gpt 0,0 Py

Tz = " 9apPp + (Oup + Opp) = {J:LPL 5, NPp. (16)
Lo

Assuming Pp<<Psp as before, we can readily analyze the asymptotic
cases.

a) Weak pumping (P,=0,Pp— 0):
op =0,pN (17)

b) Laser oscillation well above threshold, but still with small lower
multiplet depletion (P;>>Ps;, Pp<<Psp):

a,,:ou,,(l—%>n (18)

el

Therefore we find that the pump absorption decreases as soon as
the laser oscillation starts, since the resonant field tends to deplete
the reabsorbing levels. Of course, such an effect becomes even more
noticeable for zero-phonon Yb laser transitions near 980 nm, i.e.
true three-level lasers for which the approximation 0y /0. <<1 no
longer holds and this model becomes inadequate. However, under
the assumptions done, Yb lasers operating in the range 1000-
1100 nm present an approximately constant pump absorption
coefficient, ap~ Oypn.

Experiment. Laser experiments in CW regime were performed
employing several different output couplers (Fig. 8). A significant
amount of the available pump power was not absorbed by the rela-
tively low-doped 1% Yb:LuAG and it was transmitted through the
M, mirror. Hence we estimated the amount of absorbed pump
power by measuring the residual behind the M, mirror under lasing
conditions. The experimental results are summarized in Fig. 8. With
the optimum T=10% output coupler (OC), at an absorbed pump
power of ~100 mW, we obtained up to 23 mW output power and
~32% slope efficiency. We also scanned the Yb:LuAG crystal transver-
sally with the pump beam. Accounting for good sample homogeneity,
output power and general laser behavior were unaffected by the
pump spot position on the crystal. Also no significant depolarization
effects were observed, indicating stress-free crystal growth. We also
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Fig. 8. CW operation of Yb:LuAG lasers with several output couplers.

measured the beam quality factor M? in the horizontal and vertical
planes by scanning the beam along propagation direction in the
focal plane of a spherical lens with a CCD camera, obtaining a value
M?= 1.0 (Fig. 10). The cavity folding mirrors tilting angle was not op-
timized during this measurement, yielding a residual astigmatism
clearly shown by the beam propagation best fit and a slight ellipticity
of the spot in the focal plane (see inset of Fig. 10). However, this un-
optimized working condition does not affect the beam spatial quality
that confirms the good optical quality of the sample and the absence
of significant thermal-induced beam distortion at these low pump
levels. The lasing wavelength for any transmittance of the OC in the
range 0-30% was near the main cross-section peak at 1030 nm.
With the Yb:YAG crystal the optimum OC transmissivity was
T=1.6%, yielding ~50% slope efficiency with a maximum output
power of 62 mW at 158 mW of absorbed pump power (Fig. 9). The
laser was operating at 1030 nm, as with Yb:LuAG. To assess the crys-
tal loss we consider a more general expression of the total slope effi-
ciency than in Eq. (13), including other contributions such as mode-
matching efficiency and quantum efficiency in a constant 7)o, also
using — In(R) instead of T in a more general fashion:

N, —In(R)

=", I=In(®R)’

(19)

The results are summarized in Fig. 11. It turns out that the loss L
for the Yb:YAG experiment is smaller than the detectable limit of
the technique so we indicatively assume L=~0, whereas the Yb:
LuAG shows a clear trend following Eq. (19), yielding L~ 2.4%. The
slight drop of slope efficiency at higher OC values for both Yb:YAG
and Yb:LuAG suggests parasitic effects dependent on larger popula-
tion inversion, such as upconversion. The corresponding loss per
unit length in Yb:LuAG shaped rod crystal is therefore ~0.2%/mm,
in agreement with Ref. [2], and is likely due to internal scattering.

Later we inserted a SF10 dispersive prism near the OC (see inset of
Fig. 2) in order to measure the output wavelength tunability in CW
regime. The gain was too low in Yb:LuAG to achieve continuous tuning
across an extended range, however either the main transitions of
2F5;,— ?F;;, manifolds at 1031 nm and that at 1046 nm could be
made to lase with an OC transmissivity T=2.4%. Output power at
each wavelength was 11 mW and 4 mW, whereas absorbed pump
power threshold was 30 mW and 66 mW, respectively. The results are
summarized in Fig. 12, with the output power and the threshold
absorbed power predicted by the model. For comparison, the signifi-
cantly larger gain of the Yb:YAG crystal allowed a relatively broad out-
put wavelength tunability in CW regime using with the same OC,
extending continuously from 1013 to 1070 nm, as shown in Fig. 13.
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Fig. 9. CW operation of Yb:YAG lasers with several output couplers.
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Fig. 10. Beam quality characterization results. In the inset a picture of the beam near
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Fig. 11. Yb:YAG and Yb:LuAG slope efficiency as a function of output coupler mirror reflec-
tivity. Also shown the results obtained by fitting the experimental data with Eq. (19).

This same model was applied to the Yb:LuAG experimental data, with
larger quantitative disagreement even though the qualitative shape of
the tuning curves is acceptable: this can be due to the lower pump
power absorbed, that translates in laser operation closer to threshold,
which makes laser alignment more critical and the optimization of the
resonator performance more difficult in practice. For example, the tunable
cavity for Yb:LUAG shows a significantly reduced output power com-
pared to the Yb:YAG setup. Laser emission for Yb:LuAG grown by p-
PD technique has been obtained already [2], utilizing a sample with a
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Fig. 12. Lasing wavelength tuning of Yb:LuAG sample with T=2.4% output coupler.
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Fig. 13. Lasing wavelength tuning of Yb:YAG 1 mm thick, 10% doped sample with
T=2.4% output coupler.

doping level (0.9 at.%) close to that of our sample (1 at.%). The intrinsic
slope efficiency 1o =40% measured in our experiment, quite compara-
ble to that of the Yb:YAG reference (1o =50%) is a further proof of the
good optical quality of the shaped rod crystal. The agreement of the
scattering loss values measured in our work and in the report in Ref.
[2] suggests that the much larger slope efficiency we measured (32%
vs. 5%) is very likely due to much more effective pump mode matching,
and in part to the use of a shorter crystal. Indeed, given the large output
coupling used in high-power lasers (50% in Ref. [2]), the residual loss of
relatively long fiber crystals (=50 mm) has a lesser impact, reducing
the slope by a factor 0.7.

4. Conclusions

We have grown a LuAG:1 at.% Yb> T shaped rod crystal, 130 mm
length and 3 mm diameter. A sample of the shaped rod crystal has
been optically characterized, recording an absorption spectrum at
room temperature and performing fluorescence measurements as a
function of temperature in the range 10-300 K. Lifetime of the
2F5/2—>2F7/2 has been determined in the same temperature range.
The absorption and emission cross sections have been calculated
and utilized to evaluate the laser performances. A short Yb:LuAG
laser crystal has been placed in an X cavity and pumped with a laser
diode tuned at 935 nm. Laser experiments have shown that the Yb:
LuAG sample grown by p-PD technique appears to have an optical qual-
ity comparable with the largely utilized YAG. The laser performances
are equivalent, considering the different doping level, to those obtained
with a commercial YAG sample and a slope efficiency of 32% was
obtained. This feature makes LuAG an appealing material for high
power laser applications opening the way as well to obtain, by y-PD
technique, low cost and laser grade old and new materials.
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