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ABSTRACT

Significant improvements in efficiency in high power, high repetition rate laser systems should come from the use of
ceramic laser active elements suitably designed to mitigate the thermal and thermo-mechanical effects (TEs and TMEs)
deriving from the laser pumping process. Laser active media exhibiting a controlled and gradual distribution of the active
element(s) could therefore find useful applications in the laser-driven inertial confinement fusion systems, which are
considered among the most promising energy source of the future (ultraintense laser pulses), and in medical applications
(ultrashort laser pulses)

The present work explores the flexibility of the ceramic process for the construction of YAG (Y3Al;0;;) ceramic laser
elements with a controlled distribution of the Yb doping, in view of the realization of structures modelled to respond to
specific application. Two processing techniques are presented to prepare layered structures with a tailored modulation of
the doping level, with the goal of reducing the peak temperature, the temperature gradients and also the thermally-
induced deformation of the laser material, thus mitigating the overall thermal effects. Tape casting in combination with
thermal compression of ceramic tapes with a varying doping level is one of the presented techniques. To make this
process as more adaptable as possible, commercial micrometric ceramic powders have been used. The results are
compared with those obtained using nanometric powders and a shaping process based on the subsequent pressing of
spray dried powders with a different doping level. Laser performance has been characterized in a longitudinally diode
pumped laser cavity. The laser efficiency under high thermal load conditions has been compared to those obtained from
samples with uniform doping, and for samples obtained with press shaping and tape casting, under the same conditions.

Keywords: Lasers and laser optics, Lasers, solid state, Lasers, diode pumped, Thermal effects, Lasers, Ytterbium,
Ceramic lasers, Graded doping, Tape casted ceramics.

1. INTRODUCTION

Ceramic-based materials have shown to be a competitive alternative to single crystals for solid state lasers especially in
case of high power applications'. The ceramic process is highly flexible in terms of feasible geometries and shapes, as
well as dopant distribution control. This approach allows the implementation of technical solutions which are unfeasible
or very difficult to implement with the current crystal growth and fabrication technologies.

The current level of development of transparent YAG ceramics gives them a laser performance fully comparable with
their crystalline counterpart . Ceramics also have specific advantages over single crystals that can be useful in
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developing certain applications. In particular, when using high doping levels, a more uniform dopant distribution can be
achieved. Moreover YAG ceramics exhibit better mechanical properties than their crystalline equivalent *.

One of the key aspects for producing high power laser sources and amplifiers based on ceramic active media is the
management of the thermal effects (TEs) and thermo-mechanical effects (TMEs) (e.g. thermal lens, stress-induced
depolarization, surface deformations) deriving from the laser pumping process. These effects can degrade the
performance of the laser source and can eventually lead to a catastrophic failure of the laser active element.

In this frame, we have investigated the issues related to the design, the production process and the characterization of the
laser emission properties of Yb:YAG ceramic elements. Complex shapes and structured doping have been proposed, for
the mitigation of the TEs and TMEs in specific laser pumping and cooling geometries.

Regarding the fabrication, we have explored the possibilities offered by the tape casting technique used in combination
with thermal compression of ceramic tapes. With this technique it is possible to assemble several tapes with a different
composition, press them at a moderate temperature and after the proper thermal treatments obtain graded structures with
a changing composition in one direction.

To exploit the potentialities of this process, planar structures of Yb:YAG with longitudinal distribution of Yb
concentration were designed and optimized by means of simulations based on Finite Elements Analysis, for the
evaluation of their thermal and thermo-mechanical behavior under various pumping and cooling configurations. The
simulations show’ that by this approach an effective reduction of the internal thermo-mechanical stress can be obtained
with respect to homogeneous structures operating in the same configuration.

2. MATERIAL FABRICATION

The samples were prepared both with the tape cast and the hot pressing techniques, with two different doping profiles:

- a stepped profile, with two layers having 0% Yb doping and 10% Yb doping;

- a graded profile, with four layers with 7%, 5%, 3%, 1% Yb, doping (Tables 1 and 2);

Individual layer thicknesses and overall samples thicknesses are reported in Table 2.

Seven compositions reported in Table 1 have been selected and prepared by tape casting and spray drying. Table 2
summarizes the compositions selected for the preparation of the structured samples. In the following sections the
experimental procedure used for the preparation of the samples is reported.

Chemical formula Yb*" content with respect to  Yb’* content with respect
the total amount of Y (at %) to all elements (at %)

Y;AL501, 0 0
Ybo.03Y297A15012 1 0.15
Yb0.09Y291A15012 3 0.45
Ybo.15Y285A15012 5 0.75
Ybo21Y279A15012 7 1.05
Ybo.30Y2.70A15012 10 1.50

Table 1. Stoichiometry of the selected compositions.

Sample n. Composition Processing technique Overall Thicknesses Thickess of single layers
at % Yb YAG mm mm
TC-1 0-10 Tape casting & thermal 1.9 1.0 (Undoped)
compression 0.9 (10 at % Yb)
TC-2 1-3-5-7 Tape casting & thermal 2.0 0.5
compression
SD-1 0-10 Pressing of spray dryed 3.6 1.6 (Undoped)
powders 2.0 (10 at % YD)
SD-2 1-3-5-7 Pressing of spray dryed 2.0 0.5
powders

Table 2. Composition and structure of tested samples.
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Powder (process) Producer, type Purity Mean grain size [pum]

Al,O3 (TC, SD) TM-DS-6, >99.99 % 0.2
Taimei Chemicals, Japan
Y,0; (TC) REacton®, >99.99 % 39
Alfa Aesar, MA, USA
Y,0; (SD) Nanocerox, MI, USA >09.99 % 0.05
Yb,0; (TC, SD) REacton®, >99.99 % 5.6

Alfa Aesar, MA, USA

Table 3. Characteristics of the starting oxide powders used for the tape casting (TC) and spray drying and pressing (SD)
processes.

High-purity oxide powders were used in both processes (their characteristics are listed in Table 3) and TEOS (tetracthyl
orthosilicate) was used as sintering additive (0.5 wt %). The preparation of samples TC-1 and TC-2 reported in Table 2
started with the tape casting of sheets (approximately 100 um thick) with the compositions reported in Table 1. Slurries
were prepared according to the procedures and formulations reported by Mistler ef al.%: the powders were wet ball milled
for 24 hours using an azeotropic mixture of methyl ethyl ketone and ethanol with TEOS as sintering additive, and the
organic additives (dispersant, plasticizer and binder) were added in subsequent steps. Disks with a diameter of 40 mm
were cut from the sheets and assembled together by thermal compression at 100 C.

Samples SD-1 and SD-2 (Table 2) were prepared by dry pressing of spray dried powders (Table 3). The oxide powders
were mixed with ethanol and TEOS by ball milling for 72 h with 99.9% Al,O; milling media. 1 wt % of polyethylene
glycol (PEG 400) was added as an organic dispersant that helps the mutual sliding of the particles during the shaping by
pressing. The suspension was then granulated by spray drying in a Mini Spray Dryer B-290 (Biichi Labortechnik AG,
Switzerland); the process is described more in detail in 7%, Pellets 15 mm in diameter and about 1 mm thick were then
obtained by separate uniaxial pressing of each granulated powders. The layered samples were prepared by (linear and
cold isostatic) pressing of the thin pellets appropriately assembled to obtain the samples SD-1 and SD-2. For comparison,
a sample with a homogeneous 10 at % Yb:YAG composition and an undoped YAG sample were also prepared

All the prepared samples were treated in air at 600 °C for the removal of the organic additives. Sintering was conducted
under high vacuum (10 Pa) in a clean, carbon-free furnace at 1735°C with 16 h soaking time. After sintering, the
materials contain oxygen vacancies, which cause light scattering and a grey coloration, and the Yb’* ions are reduced to
Yb*", giving the material a green color. Because Yb®* ions are needed for the laser action, the materials subsequently had
to be re-oxidized, so the samples were annealed at 1100°C in air for 100 h. Finally, the sintered samples were then
polished with diamond pastes and sprays up to 0.25 um.

3. NUMERICAL SIMULATIONS

To understand the thermal and thermo-mechanical effects induced by the optical pumping in samples with different
doping distributions we performed several numerical simulations making use of a commercial Our approach is based on
the adoption of a commercial F.E.M. (Finite Element Mesh Calculation Method) software package °. In this paragraph
we present the results obtained using heat loading distributions and thermal boundary conditions as close as possible to
the experiment reported in this paper. Three different doping distributions are compared: uniform (5%), graded (1-3-5-
7%) and stepped (0-10%). Our software package output consists in a scalar temperature variation field AT=T- Tggr, the
geometrical displacements of each node of the mesh and, finally, the 6 components of the stress tensor (o; and 7;). An
example of the results of these numerical simulations is shown in Figure 1.

These data give an immediate information on some operational features of the different samples as laser active media.
The maximum internal stress at a given power loading is, for instance, an indicator of how far we are working from the
“fracture limit”. Furthermore they can be used to calculate thermo-optical effects such as thermal lens or stress induced
depolarization.

The thermal lens can be calculated considering that the Optical Path Difference (OPD) at different transverse positions is
related to three contributions '’: the refractive index variations with temperature, the surface bending due to thermal
expansion and the stress induced birefringence due to the photo-elastic effect:
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Figure 1. Examples of three dimensional plots of the FEM software output: Temperatures (Left) and Von Mises Stress
(Right). Color online.

d 3 d
OPD(r) = J.@-AT(r,z)dz + 1y - Au(r)+ Z J‘a—n-gr(r)dz (1)

o dT S 08,
where d is the sample thickness , ny is the refractive index without deformations, Au(r) is the surface deformation at
radial position 7, and ¢; is the strain tensor. In what follows z is the direction parallel to the cylindrical axis and to the
“optical rays propagation”.
To determine stress induced effects we need the relation between the refractive index (for the different polarization
directions) and the strain tensor. This relation is in general expressed by a variation of the dielectric permeability 2nd
rank tensor Bj; '""and is given by the set of equations:

AB; = pjuén 2)
3
An, —%-AB; 3)

where p;,is the 4™ rank elasto-optical tensor, #; are the refractive indices along the principal axes of the stress-perturbed
indicatrix '* and AB,vj* is the diagonalized dielectric impermeability variation tensor. Fortunately equation (3) reduces to
a much simpler formulation in case of a cubic crystal with [111] orientation. Moreover Khazanov '* demonstrated that
the YAG ceramic behavior is similar to that of the [111] oriented single crystal, given the averaging effect of the
different grains orientations.

Parameter Uniform Graded Stepped
Maximum Temperature 71°C 65°C 81°C
Maximum Von Mises Stress 3.0 *107 N/m’ 2.9 #107 N/m’ 3.7*107 N/m’
Front surface sag (pump side) 3.6*10%m 25%10%m 0.5*10%m
Rear Surface sag (cooler side) 1.9*10%m 3.0*10%m 34*10%m
Total Thermal Lens 8.2 cm 8.5cm 8.5cm

Table 4 - Peak temperature, peak stress level, surface deformation and thermal lens values resulting from the simulations on the
various structures.

Table 4 summarizes the results for the three cases of interest in this paper, namely the uniform, graded and stepped cases.
We can immediately note that the different doping distributions determine an almost irrelevant change in the total
thermal lens observed in the three cases. This is simply understood considering the substantially radial cooling and the
averaging effect of propagation on a direction parallel to the doping gradients. The propagation gives origin to the z-
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integration in Eq.1 that produces this substantial independence of the total thermal lens from different longitudinal
doping distributions. Only the surface deformation contribution to the thermal lens is affected (resulting lower in cases
with lower doping close to the surfaces). But this contribution is almost irrelevant for our geometry case-study.
Nevertheless, even in our case, doping ramps result effective in reducing the internal temperature and stresses thus
indicating the possibility of higher pump loading under the stress limit threshold.

Different conclusions are drawn, of course, for different geometries > '° such as that of thin face cooled disk lasers. Here
the surface deformation contribution to the thermal lens results much more relevant and doping distributions variations
became relevant also for the control of this deleterious effect.

4. EXPERIMENTAL SETUP FOR LASER TESTS

The samples were tested in the laser cavity shown in Figure 2. The cavity is longitudinally pumped through its flat end
mirror EM, which is dichroic whit a high transmission at the pump wavelength and a high reflection at the lasing
wavelengths. As a pump source we used a fiber coupled diode laser emitting at 936 nm, with a fiber core diameter of 200
microns and numerical aperture 0.22. The fiber output was refocused into the sample by a pair of achromatic doublets,
through the cavity end mirror. The maximum pump power delivered to the sample was about 21W. The pump beam had
an almost Gaussian profile with a diameter of 260 um @ 1/¢’ of the peak intensity. The deviation from a top-hat profile
is due to the residual lens aberrations.

The cavity was V-shaped, with a folding mirror FM having a curvature radius of 100 mm set at a small incidence angle,
and a flat output coupler OC. The lengths of the cavity arms were D1=62 mm and D2=260 mm respectively. The
calculated size of the TEM,, mode cavity beam waist on the mirror EM is wy=40 um on the tangential plane and 44 um
for the sagittal plane, for the "cold" cavity. The samples were uncoated, and they were carefully oriented so as to reinject
the Fresnel reflection at the surfaces back on the cavity axis, in order to minimize reflection losses. The samples were
placed very near to the EM (less than 1 mm between the sample input face and the EM), as shown in the pictures of
Figure 3.

FM Yb:YAG EM

D1 \ﬂu {[H:I:b _Mr Fiber coupled
Ul - diode laser

Figure 2 - Schematics of the laser cavity. Color online.

L ka
Figure 3 - Left: typical arrangement of the samples soldered of the copper heat sink. Right: the samlunder pumping in the laser
cavity, set near to the end mirror EM (this latter is on the right side of the picture). Color online.
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We used different values of transmission of the output coupler (OC) to find the best coupling conditions.

The samples were cooled by contact with a copper heat sink, where the sample is soldered with Indium. The copper heat
sink has a central window to let the laser and pump beams pass through. The samples were joined to the heat sink on the
side with the highest doping, whereas the pump beam enters from the side with the lowest doping. This arrangement,
enlightened in Figure 4, ensures that the highest power dissipation density occurs on the side nearest to the heat sink.

The crystal holder was placed on a 3-axis micrometric translator, allowing to transversally move the sample with respect
to the pump beam and to the cavity optical axis. This feature was exploited to check the uniformity of the laser output
across the sample clear aperture, as it will be discussed below.

The pump output was modulated with square pulses, at 10 Hz repetition rate, and variable duty factors (from 20% to
CW). In this way we were able to study the behavior of the samples under different levels of thermal load.

In order to properly evaluate the absorbed pump power we monitored the power of the residual pump beam transmitted
by the sample with an auxiliary power monitor placed behind the folding mirror FM. The correction for the Fresnel
reflection at the crystal interfaces was also properly applied. As it was pointed out in previous papers '* the actual sample
absorption in lasing conditions (that is under high pump and laser power density) is usually different from the
unsaturated absorption , as it is influenced by two counteracting effects: on one hand the absorption saturation caused by
the high pump power density (which reduces the power deposition into the sample), and on the other hand the rapid
deexcitation of the lasing ions from the upper laser level to the ground level, which restores the population on the ground
level and thus the absorption of the pump beam. The balance of these two effects depends both on the pump power
density and on the laser intracavity power density, and thus on the transmission of the output coupler.

10%-0% Yb 7-5-3-1% Yb

Pump Pump
Heat sink beam Heat sink beam

Figure 4 - Orientation of the doped layers with respect to the heat sink.

5. RESULTS
Slope efficiency measurements.

At first, we investigated the behavior of the samples under low thermal load, i.e. with quasi-continuous wave pumping
(quasi-CW) with rectangular pump pulses at 10 Hz and a duty factor of 20% (that is, 20 ms pump on followed by 80 ms
of pump off). We measured the output power from the different samples for increasing values of incident pump power,
and we calculated the resulting lasing pump power threshold and slope efficiencies. All the samples lased at a
wavelength of 1029.5 nm, in all the excitation conditions.

8

N
i

| [=-Toc=2% / ——<T 0Cc=2% Za
| |-~ToCc=12% - T OC=12% /

=T OC=39% [ |——T O0C=39%

~
I

BN
(N
,

(2]
I

Output power (peak), Watt
I
Output power (peak), Watt

-
I

3
.
©
©
.

w
.
g
o
.

\
&

\

/./.J

0 5 10 15 20 0 2 4 6 8
Absorbed pump power (peak), Watt Absorbed pump power (peak), Watt

o
I
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Sample  Doping Absorption Slope efficiency

# structure TOC=2% TOC=12% TOC=36%
SD-1 0%-10% 75% 11% 38.3% 56.3%
SD-2 1-3-5-7% 34% 3.8% 16.1% 26.7%
TC-1 0-10% 40% 15.1% 43.3% 54%
TC-2 1-3-5-7% 43% 6.0% 17.1% 37.9%

Table 5 - Slope efficiency for different values of the output coupler transmission (TOC), for the samples with different
doping profiles and fabrication process. Quasi-CW pumping with 20% of duty factor. SD: spray drying; TC: tape cast.
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It must be noticed that the samples showed different overall pump absorption due to the different doping levels and
structure. Therefore, in order to set a proper comparison among the samples, the results are reported as a function of the
absorbed pump power. The graphs show the peak output power (i.e. the value of the output power obtained during the
“pump on” periods) for increasing values of the absorbed pump power, for different values or the transmission of the
output coupler. Figure 5 show the behavior of the samples fabricated by spray drying, with the two different doping
profiles under investigation, i.e. stepped 10%-0% and graded 7-5-3-1%. The input-output curves for the samples
fabricated by tape cast are shown in Figure 6.

The values of the pump absorption and of the slope efficiency for the various samples are reported in Table 5.

In order to evaluate the impact of the thermal load on the various doping geometries, we then characterized the input-
output behavior in CW pumping regime. In this way we can investigate the effect of an increased thermal load, under the
same instantaneous pump power level used in the previous measurements.

The measurements were carried out with T OC=36%, that is the output coupler that gave the better slope efficiency with
all the samples under low thermal load. We excluded from this analysis the sample with graded doping, made by spray
drying, which gave the poorest performance under quasi-CW excitation. The results are shown in Figure 7.

Characterization of the sample uniformity

The spatial uniformity of the ceramic samples is also an issue, in particular in view of the development of large laser
active elements for high energy laser sources.
In order to have an insight of the impact of the internal defects of these samples on the uniformity of the laser
performance, we have mapped the laser output on different positions of the sample.
For this purpose, the sample holder (which has a clear aperture of 3 mm) was moved by a micrometric translation stage,
along a transect perpendicular to the cavity axis, in steps of 100um. For each position of the sample we recorded the
laser output with TOC=36%, under low thermal load conditions (20% duty factor). The overall cavity alignment
remained unperturbed by this operation.
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Figure 8 - Variation of the output power for different positions of the sample, moved perpendicularly to the cavity axis. The
relative variation (standard deviation) is 6.4% for the sample with 0-10% doping made by spray drying, 4.5% for the sample
with 0-10% doping made by tape cast, and 13.7% for the sample with the graded doping profile made by tape cast.
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The fluctuations in the output power are due to small scattering defects that crosses the lasing region of the sample and
induce scattering losses. Due to the relatively large size of the pump beam, the output power fluctuations are mostly due
to large, unevenly distributed defects, rather than to small, uniformly distributed defects.

It can be seen (Figure 8) that in this case the sample with the smallest relative fluctuations was the one with the stepped
doping profile made by tape cast (4.5% of standard deviation in the output power with respect to the average along the
whole transect). The sample with the largest fluctuation (e.g. larger sparse defects) was the one with the graded doping
distribution.

6. DISCUSSION

From the analysis of the results exposed above, it appears that both the spray drying and the tape cast techniques are
capable to produce samples with a quite high slope efficiency (around 54-56% for the most favorable output coupling
condition), as long as a small number of individual layers with different doping is used, as in the case of the samples
with 0-10% doping profile.

In the samples under investigation, the increase of the number of layers (i.e. more complex structuring) is correlated with
a reduction in the slope efficiency. This occurs for every value of the output coupling conditions, both for the samples
fabricated by tape casting and by spray drying.

It can be seen that the sample with the stepped doping profile has shown a rather high slope efficiency (56.3%) under
optimum coupling conditions. Conversely, the sample with the graded doping profile has a much smaller slope
efficiency, for each value of the transmission of the output coupler.

The difference in the efficiency is most probably due to the higher density of internal defects (pores, scattering centers)
in the sample with graded doping, whereas thermal effect should not have a relevant impact because the overall thermal
load is low, thanks to the low pump duty factor. Indeed the differences in efficiency are consistent with the results of the
test of internal homogeneity shown in Figure 8: the two samples with the highest slope efficiency (the 1-10% Yb made
by tape cast and the 0%-10% Yb made by spray drying) show a similar internal homogeneity, with a relatively uniform
laser output. On the other hand the sample with 1-3-5-7% doping made by tape cast, which ranked third in terms of slope
efficiency, also shows the poorest internal homogeneity with the largest laser power fluctuations versus position.
Regarding the behavior under increasing thermal load, the samples made by tape cast have shown a more stable behavior
than the sample made by spray drying. This is true in particular for the sample with stepped doping profile (0%-10%
Yb), which shows an almost constant slope efficiency for increasing pump duty factor, whereas the sample with the
same doping geometry made by tape cast shows a small decrease in slope efficiency when passing from QCW to CW
pumping regime. It is interesting to note that also the sample made by tape cast with 1-3-5-7% doping has a rather stable
behavior under increasing thermal load, even though its overall efficiency is affected by the higher density of internal
defects.

7. CONCLUSIONS

The results of this work demonstrate that the tape casting technique is an useful technique for the production of ceramic
samples with structured internal doping distribution. Indeed, the results in terms of laser efficiency and stability under
high values of thermal load are well comparable with those obtained by well assessed techniques, in particular by means
of thermal compression of spray dried powders. Tape cast is then a technique worth to be investigated and further
perfected, because it is more flexible and less complicated than other forming techniques, in particular for the fabrication
of complex structures made of several thin layers.

At the current level of development, the fabrication of multi-layered structures is still made difficult by the fact that
increasing number of layers also increases the number and density of defects. This in turn results in relatively high
scattering losses and poor samples internal homogeneity. It is worth to note that this problem occurs both whit the tape
cast and with the thermal compression technique, i.e. it is not strictly related to the sample forming technique.

The numerical simulations here reported show that lasing elements featuring a graded doping distribution should be
subjected to lower internal thermomechanical stress and lower peak temperature values. This in turn should make them
more capable to accept higher pump power density levels, with respect to structures with stepped doping profiles.
Nonetheless, at the current level of development it is difficult to provide an experimental verification of these positive
features, because the laser performance itself is currently strongly affected by the density of internal defects, which in
turn is correlated with the number of layers. This introduces an undue bias in the comparison, which favors the overall
laser performance of samples with a simpler layer structure.
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Our next steps will then be aimed to improve the fabrication of multilayer structures, as a prerequisite for the
development of the full potential of the internal doping structuring.
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