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Crystal fibers
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Cristaux saphir tirés par pu-PD
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(a) (1 - thermal insulating ceramics, 2 -
guartz tube, 3 — RF heating coils, 4 — hot
zone, 5 — seed mounted on the motorized
shaft, 6 — CCD camera)

(b) Machine for the fiber growth by p-PD
method
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Conical capillary
die
Strong LUAG
wetting
ﬁ Capillary die
Stable growth

A) Instable growth (wetting)
Crucible design for B) stable growth (wetting controlling).

LuAG fiber growth

Seeding stages at YAG:Ce growth : seed moving towards the capillary (a), connection
of the seed to the capillaryL=0cm (b); L=0.5mm (c),L=1.5mm (d),L=2mm (e). [yon1 m
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LUAG FIBERS GROWTH
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L . 3 ATTENUATION LENGTH MEASUREMENTS IN GARNET FIBERS
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LUAG attenuation curves 475 nm excitation normalized by their
maxima. The attenuation lengths are quoted in the legend.

Fibers grown with at 350 pm/min — “quadrates”,

300 um/min — “stars”,

500 um/min — “triangles”,

500 um/min grown with [100] seed — “rhombs”

Radiation length

The averaged results give
8.7 cm attenuation length
for fibers grown at 500
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and 27.6 cm at 300 pum/min
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LUAG:Ce and LUAG:Pr FIBERS
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ve01 17.4 cm
vc02 16.7 cm
vc16 37.4 cm
vc21 38.4 cm
vp01 7cm
vp03 11.4 cm

) \ Pr-doped LUAG
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Attenuation curves of LUAG:Ce fibers
at 475 nm excitation and LUAG:Pr
fibers at 250 nm excitation.
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EFFECT OF THERMAL ANNEALING OF LUAG AND LuAG:Ce FIBERS

o
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(o)
Crystal LUAG LUAG:Ce
Growth rate, pm/min 300 500 300 500 for hours
Growth orientation | [100] | [111] | [100] | [111] | [200] | [111] | [200] | [111] The request is:
Radiation | Before 15 21 9,5 29 13 17 13 18 minimum 40 cm
length, cm | After 14 11 7 24 104 20 14 23 attenuation length
300pm/min [100] / \ 300pum/min [111]
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Effect of annealing on attenuation of the LUAG:Ce fibers at 475 nm excitation. @ Lyon 1 %
The attenuation lengths are indicated. =




LUAG and LUAG:Ce FIBERS TESTING

S
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64 LuAG fibers, of which:
e 56 scintillating Ce-doped fibers (green)

Cherenkov fibers (clear)

\,,\.“,) g~ <

Photos of the calorimetric module.

[7] M. Lucchini,....V. Kononets... et al// Proceedings of the IEEE NSS/MIC, Seattle, WA USA 8-15 November
2014, Report N47-1. http://www.npss-confs.org/nss/program/ListProgramDB.asp?session=N47



http://nssmic2014.npss-confs.org/
http://www.npss-confs.org/nss/program/ListProgramDB.asp?session=N47

Now we are working on

® Growth of YAG-based fibers

® Selection of the optimal growth conditions,
concentration of activator, post growth treatment

* Attenuation length, decay time, light yield
measurements and microscopy

The aim is to reduce the decay time and to
improve the attenuation length of YAG:Ce fibers as
a cheaper concurent to LUAG
@)Lyon 1 @
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YAG:Ce, YAG,Mg fibers (2

mm dia, 2X2 square-
shaped, 22 cm length).




Bulk crystal




: The grown crystals
Lot e e e and Samp|eS

Cutting area for polishing
and defects analysis

middle

r-plane

a-plane

Some undoped sapphire crystals
grown by Cz method
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The grown Ti-sapphire crystals
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o e weem JO and sam o les
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(a) CrysT1,r-axis, (b) CrysT3, a-axis.

Optically polished Ti-sapphire wafers

CrysT5, r-axis (diameter 30 mm),
titanium concentratlon 0.28 atom%

ubbles and
anium
pgregation

— CrysT7, a-axis, 4 mm/h, 8 rpm,

O O O o
100 mm s BT s 0

|i[[;;1_nuluuhmhullunhthlllll | | uIIuulnnlnnh|nIlu|lunlunhml‘u|m""\\\ \\.\\l\\"\\\' Ti-concentration 0.5 atom% 21



The distribution of bubbles

S

Schematic illustration of bubbles distribution
(a) T1, 1.5 mm/h, 8 rpm, 0.10 atom%; (c) T5, 4mm/h, 8 rpm, 0.28 atom%;
(b) T2, 2.5 mm/h, 8 rpm, 0.10 atom%; (d) T7, 4 mm/h, 8 rpm, 0.5 atom%.

"TE OO O &

The Ti-doped crystal grown at low pulling rate is bubbles free.
In the case of the crystals grown with high pulling rate, the bubbles
are located in the core of top and end part.

22
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Ti-dopant segregation

Tiincorporation in
sapphire host

Substitution of Al3*by Ti3*

Ti3*>APR* (Ar>15%)

Segregation phenomena The solute concentration

Cell deformation in the melt (C,) increases
Hammer-hardening crystals _}
a solute concentration in
the crystal increase along

Crystal growth difficult ~ the pulling direction.
Lattice parameters variation
Deffects propagation
Optical quality degradation




Ti-dopant concentration analysis

w2 S by microlumienscense

excitation of the Ti3* luminescence at 532 nm

CrysT5, wafers without bubbles, titanium concentration 0.28 atom %.
(a) Microluminescence spectra recorded in different region of wafer
(b) Profile of the Ti3* ion distribution in the as grown Ti-sapphire crystal
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We assume that the variation of luminescence intensity is linear with
the concentration of Ti3* in the crystal. 24
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CrysT5, wafers contain bubbles in the core,
titanium concentration 0.28 atom%.
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The destabilization of solid-liquid interface results from the
titanium rejection, more titanium segregation result to more

bubbles were captured in the core of crystals.
25
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Sapphire crystals exhibit muiicroscopic defects knowwn as “micro—bubbles or micro—wvoids™. We hawve studied
micro-bubbles distribution, and their sizes in sapphire crystals grown by Czochralski technigue. They are
mnot uniform. depend on the pulling rave and their presence strongly affecr the oprical properties such as
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Small bubbles can be observed in both sapphire and Ti-sapphire bulk cryvstals grown by Czochralski tech—
nique (Cz). Various rthickness of wafers cut from rhe grown ingors were studied by optrical microscopy.
Bubbles distribution has different regulation in sapphire and Ti-sapphire crystals. All bubiil are spher—
ical amnd hawve a diameter range from 2 pumnm to S oo in sapphire corwystals while 10—45 o i 7 doped sap—
phire crystals. Some adjacent bubbles congregatred into defecrs present wvarious sizes and shape. The
bubbles density increases as a function of pulling rate and rotaton rate. The effect of bubbles on optical
Keymarorrcls: characterizations of Ti-sapphire crystals has been studied.
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Ti—doped sapphire

Bubbles density

Defects
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Large TI-DOPED SAPPHIRES Ultrahigh
Intensity laser
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SPIE Europe Optics + Optoelectronics Prague 21 April 2009
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Four generic amfor 10 Petawatt

Gain material / Ti:Sa \ OPCPA Mixed Glass Nd:Glass
Pump source / Nd:Glass 2w \Wd:Glass 2w Flashlamp Flashlamp
Pulse duration [fs] [ 15 \ 30 150 500
Energy at target [J] I 150 300 1500 5000
Beam quality ~ Strehl r*io
Grating technology l Au —1480 I/mm | A4 -900 I/mm | MLD — 1780 I/mm | MLD -1780 I/mm
TOTAL energy extractipn 13% 1% 78% 78%

optical to optical

1w Energy required* [ky]

Number of grating tiles
required for final grating
(LLNL size gratings)

* assuming perfect beam p¥k

**  excluding any safety factohg

RSA

7

stem cost is driven by two related issues:
mp laser energy and final optics aperture




1: Introduction
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On way to produce large Ti: sapphire is the Heat change
method (HEM).

A 180mm diameter Ti: sapphire whose laser performance is
considered acceptable was produce by this technique

However, the reproducibility of the process proves difficult. The HEM method produce lot of
internal strain. The crystals have High possibility to produce cracks.




1: Introduction
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In Europe (France), we decided in 2009 to take up the challenge to develop sapphire
crystal Ti laser quality.

In frame of national project Titansaphir (ILM, Simap, RSA le rubis, Cyberstar, Amplitude)
we investigate the development and production of large Ti: sapphire for High Power
Laser ( P>1 PW)

Building on its expertise in the manufacture of doped titanium powders and doped
sapphire crystallization in general, RSA was able to develop a reproducible process,
crystallized by a specific method Kyropoulos.

Ingots 6 Kg and 100 mm in diameter with laser quality was demonstrated in 2012.
~—

RSA

%

Ti: saphir: of 100mm/6kgs produce in RSA Le Rubis company

PHD thesis A. Nehari (2011) UCBL LYONT, TITAN
A. Nehari, A. Brenier, G. Panzer, K. Lebbou, J. Godfroy, S. Labor, H. Legal, G. Cheriaux, J.P .Chambaret, }L{/Il/
T. Duffar, R. Moncorgé, Crystal growth & design vol 11, (2011) 445-448 W
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2: Large Ti-DOPED SAPPHIRES grown by

Kyropoulos

3 phases

Connection Growing

f
& : Seed hold
eed holder
<«€— Sced holder (small translation, with or
(translation, without rotation )
rotation)
i Heating Element
H
Fliarl;uelft Controlled power
Sc;ed reduction
: Insolent Ingot duting the growing
; ; Crucible
! Crucible
! .
i ! — liquid ALO,
! < liquid ; (T>2050°C)
! ALO;(T>2050°C)

End of Growing

€ Seed holder

(small translation, with or
without rotation )

Heating Element
Controlled power
reduction

Ingot end the growing

Residual Al,Oj; liquid
Level
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3: Spatial distribution of
titanium

As the titanium (effective) segregation coefficient differs from unity (K = Cs/Cl < 1):

* a high proportion of (Ti3*) active ions
* agood homogeneity in their spatial distribution

are key factors to obtain good quality Ti:Al,O; laser crystals.

RSA

& o
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255,05

Ti-doped sapphire quantitative analysis 25500 ]

254,95

254,90 -

254,85 -+

Volume (A%

254,80
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254,70 +

-1t -+ r - r1r + 1 +r 1t + 1t T "+ 1T " 1
-0,05 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
Ti concentration (at%)
Evolution of volume as a function of titanium concentration

—d in Ti-doped Al,O,.Different fragment of crystals were cut
from ingots and analysed by X-ray diffraction and ICP.

Crystals analysis
by ICP and GDMS

C.=kC,(1-g)*! (k~0.22) V=254.7141+0.8636([Ti]

A. Nehari, A. Brenier, G. Panczer, K. Lebbou, J. Godfroy, S. Labor, H. Legal,

G. Cheriaux, J.P. Chambaret, T. Duffar, R. Moncorgé, Crystal growth & design V 11 (2011) 445-448 .TITAN e
saphir



LIBS characterization to determine
titanium distribution

LIBS Instrument :

» Laser Nd:YAG 1064 nm (10 mJ at 10 Hz)

» Spectrometer : Czerny-Turner

» Detector : ICCD

RSA

& o1l
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» Titanium spectral rang (319 - 367 nm)
» 1000x50 Matrix, each measure is 50 microns spaced

/160 1 Titanium proﬁh

140 - On ingot end

40 - WA(
0 5 10 15 20 25 30 35 40 45 50
Position (mm)

Map of the Titanium element

[ERN
N
o

=
o
o

[0.0]
o

Signal Ti (u.a.)

o]
o

Edge " 1cm " Centre
A 4 e,

RSA Ti signal (a.u.)

<&

TITAN
saphir
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Titanium profile obtain by LIBS

160
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~

O T T T T T
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30
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The two profile present a similar shape.

Ti3* profile obtain by luminescence

300000

250000

200000

150000

Intensity (arb. units)

100000

50000

\_

0 5 10 15 20 25 30 35 40 45 50

Distance (mm)

/

The LIBS profile is noisy by the surface roughness.

RSA

We need a series of reference samples with Ti concentration perfectly now to
calibrated the LIBS measurements
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i s it e jProfiIes of the luminescence intensity in 100 mm sapphire wafer.

The Ti3*and Ti** distribution in the material can be evaluated by a measurement of the variation

of luminescence intensity :

- at 730 nm after excitation at 532 nm for the Ti3*
- at 420 nm after excitation at 256 nm for the Ti4*

1.3 u - =
> 12| ."- F‘ﬂ#&f‘ -
5 11} u .‘"f. 2
S 1'0 I ~ "

(D) . — #

T o9 - ~

— sl "~ -
8 B I L

0.7 = -
B 6l -

CG r [ ] -

c 05 - .

B o [ ) -3+ . . ..

Z 03 m B Ti" emission n
02| m  Ti* emission

01| Average intensity

0.0 L . ! 1

0 50 100

distance (mm)

We successfully achieve a good homogeneity of the Ti* present in the diameter.

RSA

%

FOM value in sample.

But the variation of Ti** have to be controlled to obtain a high homogeneity in the
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4 : Titanium valence states
(evaluation of the FOM)

Ti: sapphire laser efficency are due to trivalent ion Ti3* introduced into the crystal
matrix; or Titanium may take different valence states ( Ti3*, Ti**).

The control of the Titanium valence states in the sapphire also a crucial factor.

RSA

%




4 : Titanium valence states (evaluation of the FOM)

S
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Figure of Merit (FOM)

Ti** absorb the emitted laser energy and will reduce optical yield of the component;
therefore is defined for Ti: sapphire a Figure of Merit (FOM) :

FOM =“532 nm 5372 nm- absorption at the pump wavelength
@800 nm Qgoo nm: absorption at the emission wavelength

This FOM is correlated to ratio Ti3*/ Ti**, but also strongly depends on the geometry of
the tested components.

On small components (<cm) it is possible to obtain high values of FOM (250) after
annealing in a reducing atmosphere;

On post grow samples it is more common to measure FOM 50 to 100.

RSA

%




4 : Titanium valence states (evaluation of the FOM)
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FOM =a’532 nm
FOM measured on the last series of 10 cm samples @800 nm

160
140 .
120
100

80
60 "
40|
20

FOM

0
0O 2 4 6 8 10 12 14 16 18 20
Samples

On the last 18 samples with 10 cm diameter, we obtain average FOM of 77.
A wafer corresponding to FOM 80 can be used as component for CPA.

RSA

%




4 : Titanium valence states (evaluation of the FOM)

INSTITUT LUMIERE MATIERE j

Picture of the Ti** luminescence observed on two 100 mm diameter Ti: sapphire sample
upon UV lamp (256 nm) excitation.

Sample A Sample B

Sample A present some inhomogeneity on the Ti** distribution.

rsa  Sample B is much more homogenous but the amount of Ti**is to high.
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We have succeeded to grow, large Ti-doped sapphire crystals by Kyroupolos technique,
with diameter >100 mm and very soon >150 mm.

We obtain a good homogeneity in the radial distribution of the Ti3* concentration in the
sample.

Crystal quality improvement is still under progress to achieve high homogeneous
material. crystal=200 mm
We need large crystal (extreme light ) « >
300J after compression 600 joules after amplification
(50% compression efficiency)

Crystal Pump: |
Diameter: 200 mm Energy: 8 x 200 |
Thickness: 50 mm Diameter : (flat-top): 180mm

Absorption (@527 nm): 94% Amplification time: 30 ns

. 2
Injection Fluence/ face: 3.5J/cm

Energy: 50J
(Diameter (flat-top): 170.5 mm
Fluence: 210mj/cm? ® pump=180 mm




Thank you for your attention



