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LULI research activities in crystal growth (o

In 2008, LULI initiated research activities on crystal growth in collaboration with
Laserayin Tekhnika, Yerevan, Armenia.

The aim is to engineer laser gain media tailored to face the requirement imposed
by developpement of HEC DPSSL laser systems through the world:

- Thermal and Amplified Spontaneous Emission (ASE) Management
- Larger size gain medium

Developing YAG crystals with Diode Pump and input
variable Yb ion concentration extraction beams are
appears as a solution reflected at the back
of choice to homogenize the stored surface of the disk
energy distribution within the gain
medium.

This is especially true in the context
of Lucia amplifiers active mirror Gain medium
architecture 5

coolant



Outline

* Impact of gradient doped gain medium on thermal and ASE management
* YAG growth techniques

* Yb:YAG growth with Bagdasarov method

* Simple model for gradient doping growth

* Doping measurement techniques

e Experimental results on gradient crystal growth

e Experimental campaigns aiming at improving our model

* Large Yb:YAG crystals



Outline

* Impact of gradient doped gain medium on thermal and ASE management



Gain medium engineering
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ASE & thermal manag' improv* w/ gain medium engineer (g

Gradient doping sets gain below ASE oscillation threshold (g,,,,.,L<4)

Constant doping distribution

== Variable doping distribution
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ASE & thermal manag' improv* w/ gain medium engineer (g

Gradient doping impact on stored energy distribution
...and therefore on thermal
1 management

14 -

131 Pumping

Pumping

12-
11 - /
0l __—

g -

Cooling

stored energy density [J/lcm?]

Variable

doping

' longitudinal position [cm]
0.75cm g—m—m—m——7—7———T7——— 77—
0.0 0.1 02 03 04 05 06 0.7

A
v

A
v

Constant doping distribution
=== \/ariable doping distribution



Impact on gain medium volume requirement (%

- A

6 J/cm? stored energy in all cases

g <1 =>» low ASE losses
N

Variable

Constant
doping

1.3 at%

doping

F 3
A J

- -
-+ L

6.08 Jicm? 6.10 Jicm?

Such a 35% decrease on requested gain medium volume can have a dramatic impact on
very large scale facility design trade....

What is the total weight of the 4320 homogeneously
doped glass slabs required on LMJ facility ?...




Outline

* YAG growth techniques



YAG structure 77

Yttrium Aluminum Garnet has a cubic unit cell (yellow Yb ions replace some grey Y)

. Yb \

10



YAG phase diagram 7

YAG is obtained by stoichiometric mixing of 3 Yttria (Y,0;)
and 5 Alumina (Al,O;) : 3/(5+3) =37.5%
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YAG growth techniques: Czochralski V7%

The Czochralski technique is traditionally used for YAG growth.
It is a well known technique where the grown crystal does not experience contact
with the crucible. Drawbacks are :

e Cores and light scattering particles
 Large weight loss of iridium crucible

* Instability of solid-melt interface

12



YAG growth techniques: Bridgman V7%

Starting material is loaded in a vertically moving crucible

Bridgman Furnace
(Cross section)

Translational direction
& A

L 1 Cluanz ampoule

Hottest region

bl eIt

Beginning
crystallization

Ceramic tube
Heater winding
Insulation

[ _—'|— Case

* No possibility of in-situ observation

* Mechanical interaction between the
crucible and the crystal

eTechnical issues for extracting the
grown crystal

13



YAG growth techniques: TGT

Starting material is loaded in a static crucible (ampoule shaped)
Heat distribution is vertically moving upwards

Z, CM

§
N

1 - crucible

2 - melt

3 - crystal

4 - heater spires

5 - thermal pinhole
6 - thermocouples

\0.0\0000%

e A LR

almlmden

®

A\

Drawbacks are the same as for Vertical Bridgman Technique
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Bagdasarov technique 7

Kh. S. Bagdasarov

Bagdasarov technique (1964) is also known as:
Horizontal Bridgman Technique (HBT),
Horizontal Direct Crystallization (HDC),

Boat method in reference to the crucible shape,
Horizontal Direct Solidification (HDS)

The method is mainly used to produce high quality large size
sapphire. It is also very effective to grow YAG crystals enriched

with different dopant ions (Yb, Nd, Eu, Er, Ce...).

Melt Single crystal Seed

~_

Heater Container

15



Outline

* Yb:YAG growth with Bagdasarov method
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Bagdasarov technique 7

Starting material is loaded in a horizontally moving crucible

Molten phase (length =L_) Crystal phase

/ JSeed
>/

Starting material . va

Crucible (Mo)

Heater (Wo) ——

Empty crucible Final boule
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Bagdasarov furnace

Crucible carrier
with thermal
shields
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Bagdasarov furnace heater 77

1930°C temperature obtained with 22 Volts (1kA)
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Outline

* Simple model for gradient doping growth
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Simple model for doping ion distribution

Initial starting material distribution

.

Yttria
+
Alumina Top view
+
Yb Oxide
Side view
h
A
Yb Oxide concentration|C(x)
N
0 X
>

Origin at crucible’s tail
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Simple model for doping ion distribution

Relative motion between crucible and heat zone

Yb Oxide contration C(x)

N

Heater tungsten spires /

./,‘QQQCQ.

<Melting zone L">
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Simple model for doping ion distribution V77

Yb starting (t=0) distribution
in the crucible referential
with origin at seed

>

Yb concentration C(x)

Yb final distribution N

X

>
00000000




Simple model for doping ion distribution V7%

Hypothesis

1. Segregation coefficient is considered equal to unity
2. Instantaneous Yb ions diffusion in the melt

3. Height h considered as constant over the process
4. L., constant

C(x)L,, —C(x)dx+ Ndx
L

X m
Concentration distribution: C(X) =N (1— € o )
0000000

Differential distribution Concentration: C ()( i d)() —

>
0000000 24




Outline

* Doping measurement techniques
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Yb concentration measurements : EPMA & ICP-MS,_%:‘;

Electron Probe Micro Analysis (EPMA)

EPMA provides quantitative and qualitative
measurements of chemical composition
at the micrometer scale in solid samples

without destruction
CAMECA SX 100 EPMA at the
Laboratoire Magmas et Volcans

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

LSCE Argon ICPMS
1-Yb:YAG sample dissolved into liquid solution Spectrometer
2-solution is ionized with Inductively* Coupled Plasma (ICP)
3-Separation of the ions is performed with a Mass Spectrometer (MS)

* An inductively coupled plasma (ICP) is a type of plasma source in which the energy is supplied by electric currents
which are produced by electromagnetic induction, that is, by time-varying magnetic fields.




Yb concentration measurements : RBS 177

Counts

Rutherford Back Scatering (RBS)

RBS determines the composition of Yb:YAG samples
by measuring the backscattering of a beam of high
energy ions (here X*) impinging the sample.
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Yb:YAG RBS spectrum
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450 Van de Graaff lon accelerator at the
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EPMA, ICP-MS and RBS comparison V7%

reference
Sample A 2 2.01+/-0.1 | 1.9+/-0.04 | 2+/-0.1
[at%] ' . . . .

Destructive and
underestimating

Large facility with access time constraints

EPMA appears to be very accurate and easiest in use technique and
has been choosen as a main technique

28



Outline

e Experimental results on gradient crystal growth
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Four growth sequences performed

110mm
0 at%

140mm
0 at%

40mm
20 at %

3 -
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W Y~
| e ¥ o=
& ae S
-~ ~
-
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Yb experimental concentration distribution

Yb concentration gradients up to ~3at%/cm are obtained
Yb®** ions distribution within the gradient doped crystal

Doping (at %)

10 -
M"“‘O

9 a’/

. i

7 f"/

6 /

5
| //’

4 /

3 //

2 ,/

1]
>

0 Ll v L X J ¥ > . U LA
0O 10 20 30 40 50 60 70 80 90 100

Position in the crystal (mm)
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Fluorescence at 1030nm

Counter-gradient direction

Laser
Source
940nm

Camera
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Fluorescence at 1030nm

Gradient direction

Laser
Source
940nm

Camera
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Fluorescence at 1030nm 77

1,0 .

0,8 1

counter-gradient direction
gradient direction

0,6

0,4 4

Fluorescence Intensity (a.u.)

02~ :
Impact of gradient
. doping is clearly
0,0 . , . , . , . | — L revealed
0,0 0,2 0,4 0,6 0,8 1,0

Position (cm)



Thermal imaging: experimental setup V7%

Water cooled
Copper plates

Laser 940nm 80W

Gradient
doped crystal

Camera

35



Thermal imaging: results

Temperature(K)

375 -

counter-gradient direction
gradient direction

A more than 15 degrees
difference is observed for
opposite gradient directions

Position (mm)

. Higher gradient will be

10 .
required to reach an even

more homogeneous T°
distribution
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Simple model vs experimental results V7%

Doping (at%)

Our simple model does not allow to understand the gradient value experimentally

observed
st e Mol i i s e o sk e T i i Molten zone length L
were considered as constant
Model during the growth process
. Experimental =>» Experiments were set up to
evaluate Lm(x) and T(t,x)
10 -
195mm
0 at%
S ¢
o——7TT—7—T T T T T

0 5 10 15 20 25 30 35 40 45 50 55
Position (mm)
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Outline

« Experimental campaigns aiming at improving our model
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Simple model for doping ion distribution V77

Hypothesis

1. Segregation coefficient is considered equal to unity
2. Instantaneous Yb ions diffusion in the melt

3. Height h considered as constant over the process

4. L constant

Differential distribution Concentration: C ()( i d)() —

C(x)L,, —C(x)dx+ Ndx
L

X m
Concentration distribution: C(X) =N (1— € o )
0000000

>
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Molten zone L, shrink experiment : 15" step V77

Molten zone shrinks in size within the growth process. Quantifying this shrinkage wiil
allow avoiding constant molten zone length approximation and lead to better
matching with experimentally observed gradients.

No translation of the crucible!!! 7

20 +

< 15 4
°
g
S 104
@ ©¢ © ¢ ©
4eeee—— 5 Heating sequence
Resulting boule ~ _
g L,~11 cm
0 ! I ! I N I ' 1 * I I I I 1
] r 0 1 2 3 4 5 6 T 8 9
T e i AT Time (hour)

FLELTIOL 6 8 L 9 5 ¥ ¢ 7
| K o i v o A |

thermal shields
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Molten zone L, shrink experiment : 15 step V77

In step 2, the crucible (still loaded with resulting content of step 1)
will now move slowly inside the heat zone (~1.5 mm/h)

@ @6 @ 0 © @ @ @ 0 ©
25
//
7/
20 +
Translation occurs with a 1.5mm/h rate
like during standard growth. S 15-
()]
;f’ Crucible carrier
10 4 e ey
- initial start
) j
O B S I N ) B B 4 T T T T T T 1
01 2 3 4 5 6 7 8 9 170 172 174 176 178

Time (hour)



Molten zone L shrink experiment : 2" step

Final posijtion

The molten zone in the beginning of
the process was almost 110 mm.

By the end of the process, the molten
zone is almost twice less in length,
i.e. ¥50 mm.

42



Molten zone L,, shrink experiment : 2"? step V7

< Heat zone > Explanation lies in the fact that the
grown crystalline part exhibits
higher thermal conductivity and
therefore evacuates the heat very
effectively

Molten length new expression can
be linearly approximated by :

< L1
< Heat zone >

L(X) = L (0) + X L_(final)-L_(0)

N N\

m heat transport

Where D is a total translation

43



Temperature distribution evolution experiment /.

Besides the molten zone length L, reduction during the growth process,
the temperature distribution within the crucible evolves as well.

Three C type thermocouples are attached to the crucible via the Mo holder in appropriate
positions and are electf\My insulated from the crucible.




Temperature distribution evolution experiment /.

Filling the crucible with starting material

2012707727 23:00: 11 i
1
1687.6:
L YL

7]
1
2]

L]

1]
4]
1]
2]
3 |
1

11548

9]
°c[4

g8 00:nec @ @) i |

...and monitoring the
temperatures with the 3
thermocouples
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15t experiment 177,

- T "“ Input
NerSqeit-« - D

@ © © 0 O
Observed Temperature distribution

2200 -

Temperature (°C)

] ° U =232V
2000 (- g Resulting
1800
. ¥ boule
1600 y
1400—.
o \ Results :
— Ty = 2062°C
800 - |
- 1, T, =1869°C
600+ — [ 3|/ Heater transient max .
400—. f -I T3max = 1344 C
200 - arure Tlmax - T2max =193°C
0 1 L) 1 1 1 1 1 1 1 L T2max T3max = 525°C

y y r 1 3 L y Y y Y 1
0 360 720 1080 1440 1800 2160 2520 2880 3240 3600 3960 4320
Time (x10 sec)
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Temperature distribution evolution experiment /.

The temperature in the melt, starting material and crystallized solid is measured
for different positions of the crystals.
We observe different temperature distributions

These results can be used to evaluate effective thermal conductivity for the
different phases.

The results are also very important in order to grow composite crystals.

Further analysis and experiments are needed to evaluate the temperature fields in
all axes to get full control over this parameter.

47



Outline

* Large Yb:YAG crystals
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The crucibles for large YAG crystals

49



The large YAG crystals
L —

92mm Ce:Yb:YAG crystal 60mm Yb:YAG crystal currently used in
180,00 mm LUCIA main amplifier
T
o h E
/£ S
<\ g
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Absorption spectra

. - p\ Absorption band of HDC-grown

] 0,4 at%-doped Yb:YAG Large Crystal
25 -
20 -

Characteristic Yb:YAG absorption lines
15 5 spectra is observed. Also Ce trivalent
ions absorption i

Absorption Coefficient (cm™)

10 A
3+
o Ce 3+
Yb
P, W
0 | . | r | . I . I . |
200 400 600 800 1000 1200

Wavelength(nm)



Doping homogeneity

Transmission(%)

96,5 -
»® & 0.41 +/- 0.02at % of Yb**
96,0 .\
"' J Typical Yb3* absorption spectra is
J.'
® % | | observed
\ 'lllllj
® % / Typical Ce3* absorption bands are
-
95,5 ". observed
——0,4054 at%
——0,4247 at%
——0,4374 at%
90 11——0,4147 at% \/
— 0,3936 at% v
—— 0,3900 at%
94’5 | | | . | | . | ’ |
1015 1020 1025 1030 1035 1040 1045

Wavelenath (nm)
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X-Ray (Cu-a) Topograms reveal no grains

Constant 2 at% doping Ie\_/el / 60 mm diameter crystal used for Lucia amplifier

Thanks to Joachim Hein, 10Q, FSU, Jena, Germany .......
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Depolarization in the crystals 177

300 1030nm

—a— Without crystal
—e— Critical point
—— Center

Average tension (mV)
:
1

0 ¥ I I ¥ I ¥ I ¥ I ¥ I ' I d I
0 20 40 60 80 100 120 140 160
Analyser Angle (°)

White light observation

Stresses are concentrated mainly near the periphery, which is also the area of
Interaction of the crystal and molybdenum crucible
54



Outlook o

Variable doping

* Increasing the values for doping gradients through in-growth control of melt composition
* obtaining variable doping “hill” or “step” shape profiles
» growing gradient doped crystals with different dopants

Large crystals

» tailoring the furnace in order to increase the diameter of growing crystals
e growing large crystals of other garnets (for example™ LUAG)

f\fﬂl ﬁkﬁrﬂﬁ
MUy Ciiarac

farizatiAnn
LTIl 1£AliVUll

*Further experiments on growth characterization in order to improve the model
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State of art 177

Gradient doped Yb:YAG crystals

R. Triboulet
The travelling heater method (THM) for Hg(1-x)Cd(x)TE and related materials

Denis Freiburg and etc.
Power scaling of Diode End-Pumped Nd:YAG Lasers by Hyperbolic Dopant Concentration
Profiles

Ralf Wilhelm and etc.
Power Scaling of End-Pumped Solid-State Rod Lasers by Longitudinal Dopant
Concentration Gradients

Ralf Wilhelm and etc.
End-Pumped Nd:YAG laser with longitudinal hyperbolic dopant concentration profile

Xiaodong Xu
Comparison of Yb:YAG crystals grown by Cz and TGT method

Our journal of crystal growth

Our Optical materials express
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Horizontal Direct Crystallization (HDC) exp™ set-up g

L

carrier w/ theg




How It IS calculated!

pump

Laser




ﬁiﬂf@@ga% | _ _
HIPER ASE losses impact on gain

1 ms pumping : 1 ms pumping
duration Max gain duration
M
1.8 —— ,
1 6 | .E r iy
| Cu'b W&h'«n
A 40-3 I |
18- ™Y
1.0- '
0.8
7 r*'*“wn' !
- ly, "“MM"""‘"""‘-"’-‘“-\_mv,‘-."..." Ll
0.4 :

y J T J T : : T : 1
0.000 0.001 0.002 0.003 0,000 0,001 0,002 0,003

8X8 mmz2 1 kW/cm? 11 kW/cm? 6 mm

square 4 kW/cm? 14 kW/cm? diameter

Pumped 18 kW/cm?2 pumped
area area

When the pump intensity exceeds 11 kW/cm?, lateral Taking advantage of full pumping
losses cannot compensate for single path ASE brightness now possible wig}
=>» oscillation regime depleting the gain adequate cladding



gain Temporal evolution of single
pass gain during and after a
1 ms single pumping shot

Wedged gain medium

Poster 1.10.031: D.Albach
Current status of the Lucia laser system

£ Solid

A

p duration

T T T T e {ime (M) 62
0.0 05 1.0 15 20 25 30 35 40 45



LUCIA System: Active mirror concept 77

LUCIA amplifying stages rely on active mirror architecture

Diode

¢oolant

Pump and input
extraction beams are

reflected at the back
surface of the disk \/ \/

Crystal or ceramic Incident beam

at 1030 nm
Reflected beam

Pump beam at 941 nm
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Gradient doped crystals: Numerous positive Impacts gz

Thermal

Amplified Spontaneous Emission
Management

Management

Gain
distribution

Positive
Impacts

Gain medium
Stored Energy Distribution volume requirement 64



Slide title
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Outline

 Laser materials for LUCIA system: Yb:YAG
» Gradient doped materials and large crystals
* Yb:YAG growth with Bagdasarov method
 Doping verification different methods

« Gradient crystal growth

» Results on gradient crystals

e Large Yb:YAG crystals

» Other YAG crystals grown by Bagdasarov method
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Outline

 Laser materials for LUCIA system: Yb:YAG
» Gradient doped materials and large crystals
* Yb:YAG growth with Bagdasarov method
 Doping verification different methods

» Gradient crystal growth

» Results on gradient crystals

» Large Yb:YAG crystals

» Other YAG crystals grown by Bagdasarov method
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Yb:YAG as a gain medium for DPSSL 177

« Simple energy level system
» Long fluorescence lifetime (about 1ms)
« Suitability to high performance InGaAs/GaAs diode pumps

* NO upconversion, cross relaxation and excited-state absorption

4Gy m— Energy levels of Yb and Nd ions. Typical laser
iG,, transition lines are represented for both
' pump absorption and laser emission.

20000 t

4Gﬁ.-'? 1t1
5/2 Parasitic effects
o
g 4FS."2 —-—
< Fao === %
0 10000 T 2
) 0.8 pm ~1 pm
Lﬁ . 0.9 pm
1,5, — 0.94 pm ~1pm
0.98 pm
4II."‘.-"E
*
4.[II 2 “
0+, we——— = F),
Nd3* Yb¥*

* Sébastien Chénais et al., Progress in Quantum Electronics 30 (2006) 89
68



Outline

 Laser materials for LUCIA system: Yb:YAG
» Gradient doped materials and large crystals
* Yb:YAG growth with Bagdasarov method
 Doping verification different methods

» Gradient crystal growth

» Results on gradient crystals

» Large Yb:YAG crystals

» Other YAG crystals grown by Bagdasarov method
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Impact on ASE 177

The ASE Multiplier is a figure of merit G
guantifying ASE losses. 1.411%
It can be seen as a lifetime reducer

------ constant doping level

variable doping level
1.3 1

1.2 1

1.1 1

1.0
0.9 4

signal gain g, [cm™]

0

T €T/ M,

sma

0.8 -

-
L
=
.......

0.7 - longitudinal position [cm)]

0.0 0.1 0.2 0.3 04 0.5 06 0.7
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Bagdasarov technigue: growth conditions

* Crystallization atmosphere: vacuum, recovering, neutral
* Crucible material: molybdenum etc... |§

L i >

» Growth rates: 1-10mm/hr
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Bagdasarov technique: growth steps

1-Powder weighting with appropriate mass ratio of Yb203 (or other
dopant), Y203 and Al203 and placing it in special crucible

2-Melting the content by translating powder loaded crucible
through heat zone under vacuum

3-Extracting the solid solution, preparing crackle

4-loading it into seeded boat-shaped crucible

Sae

e & T R IR T
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Bagdasarov technique: growth steps 77

5-Placing the crucible in the furnace (with seed partially out of heat
zone), pumping the vacuum, then rising the voltage on the heater.
As soon as the zone under heater is molten translation starts.

5-Mechanically extracting
the boule by destroying the

crucible

Nl W T

Non-stoichiometric
tail.
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Characterization of the heater temperature

thermocouple
contact point

Straight vertical lines
defines the limits of the
areas with constant
voltage.

Temperature(°C)

2000
{ Temperature evolution of the heater /

1800
1600 _
1400 -
1200 —
1000 —
800 -
600 -
400 —

200

/"

5V

)

=

Tungsten-Rhenium
thermocouple with
open head and
protected by ceramic
substrates in order to
attach to the heater

_—

g

19V

22.1V

g

15V

=)

T
360

T
720

T T T T T T
1080 1440 1800 21 @04

Time (x10 sec)



Impact on thermal management: Cooling scheme g

Water Cooling
288 K
| 15000 W/m?2.K

Air Cooling
295 K
10 W/m?2.K

i

Pumping

| = 14kW/cm?

Pumping-cooling sketch used in our model
and
calculation parameters
75



Impact on thermal management 177

Number of Pulses

Axial temperature distribution evoiution over 1min at 10hz

g=15=>
high ASE losses

Constant
doping

Constant Variable
doping doping
1.3 at%
600 600 383
377
6.08 Jicm? —
500—355 4—’6.07 Jlerm? 500 6.10 Jicm 367
i 357
400 - i 400
E 5
% 300 g 300
o ©
-g I -g 200
2 200 - z
100 100
0 0
00 01 02 03 04 05 06 07 08 09 10 11 00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 0,7
Position (cm) Position (cm) Position (cm)
1.3 at % Constant doping level 1.9 at % Constant doping level Variable 1.3-2.3 at % doping level
1.15cm crystal: Max temp. is 0.75cm crystal: Max temp. is 357 K 0.75cm crystal: Max temp. is 349

383 K and continues rising after 1min not fully stabilized  after Imin at K with thermal equilibrium after 1
at 10 Hz operation 10 Hz operation min at 10 Hz



Impact on thermal management

g=15=>
high ASE losses

Temperature distribution in gradient and constantly

doped crystals after 600 pulses (10Hz)

Temperature (K)

360

Constant
/ doping

—19at%
—1,3-23at%

-
-

) 6.07 Jicm? Variable

doping

1.3 at%

Ll I 1 l T I Ll l T l T l T I ; l
0,0 0,1 0,2 0,3 0.4 0,5 0,6 0,7 0,8 < >

Position (cm) 6.10 Jicm?

Besides experiencing much less ASE losses the gradient doped crystal also exhibit
a slightly better thermal distribution
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YAG growth techniques: Bridgman and Stockbargey,;

Starting material is loaded in a vertically moving crucible

Bridgman Furnace Bridgman-Stockbarger furnace
(Cross section)
Translational direction
& A L
L | Quarz ampoule hot zone -§
o
Hottest region
Melt ad;gﬂgﬁ“
Beginning @
crystallization
cold zone g
Ceramic tube g
Heaterwinding =
— [nsulation é
[ —1— Case e
— = I

* No possibility of in-situ observation
 Mechanical interaction between the crucible and the crystal

* Technical issues for extracting the grown crystal .



Yb concentration measurements : EDX

Energy Dispersive X-ray spectroscopy (EDX)

1-A high-energy electron beam is focused into the sample to
stimulate the emission of characteristic X-rays from YAG
2- The composition of the specimen can be retrieved

La
—
kicked-out ..
electron - -
external .
stimulation H radiation

energy

EDX apparatus used for ou
sample at HTSC, Armenia




29 experiment

Temperature (°C)

Input boule =
15t experiment

Resulting

boule
Observed temperature distribution

2000 - P

1800

1600

1400 - B

- Results :

1000 Timay = 1887°C

i | Tymax = 1989°C

L T3max = 1921°C i
400 ] ‘mocouple-crucible Ilmax ] ?max i;gg CC
200_- contact 2max 3max

0 = T il A R 1 : —r 1 1 !
0 360 720 1080 1440 1800 2160 2520 2880 3240
Time (x10 sec)
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3rd experiment

Input
boule
@ © © 0 O
Resulting
Observed temperature distribution boule

2000 -

1800 -
1600
1400

1200

1000 —

800 -

Temperature (°C)

600 -

400

200 —

0

L T . | . I . 1 . | ! | ¥ I 4 I ¥ 1 4 I . !
0 360 720 1080 1440 1800 2160 2520 2880 3240 3600 3960
Time (x10 sec)

Zuan
—

¥

Conclusion :

= 1495°C
= 1696°C
= 1930°C
= 1980°C
-T
-T

2max

3max

=-201°C
=-2340C
=60°C
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Doping level measurement for the 90mm crystal ¢

Energy-Dispersive X-Ray Analysis

0.39+/-0.17 at% of Yb

No Ce3* detected




Depolarization in the crystals 177

—a— Without crystal
—e— Critical point
—— Center

Average tension (mV)
:
1

0 ¥ I I ¥ I ¥ I ¥ I ¥ I ' I d I
0 20 40 60 80 100 120 140 160
Analyser Angle (°)

Stresses are concentrated mainly near the periphery, which is also the area of
Interaction of the crystal and molybdenum crucible
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Outline

e Impact of gradient doped gain medium on thermal and ASE management
* YAG growth techniques

* Yb:YAG growth with Bagdasarov method

e Simple model for gradient doping growth

* Doping measurement techniques

e Experimental results on gradient crystal growth

e Experimental campaigns aiming at improving our model

e Large Yb:YAG crystals

e Other YAG crystals grown by Bagdasarov method
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Defects in the crystals

» A few inclusions are detected near the interface of boule and container with

microscope analysis

=" no bubbles were detected

v’ The final product crystal was cut in the part not influenced by this defects
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