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Outline

Motivation

New concept and methods

* Distributed Face Cooling (DFC)
« Surface Activated Bonding (SAB)

Tensile strength measurement

- 10 20 3C
* FEA modeling i . Nejlo1a|O3K, |
_ 21-crystal DFC chip made of bonded
* Bonding for KEK Nd3+:YAG/Sapphire crystals
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Our motivation

Composite microlaser

AR@808nm  R=50%@1064nm
AR@808nm  HR@1064nm \

Pump

oupt

Nd:YAG

Sapphire

HR@808nm /

AR@1064nm AR@1064nm
—_—— =

Cavity length =7 mm

Laser ignition

Energy: up to 25 mJ
Rep. rate:  up to 100 Hz
Duration:  sub-ns

Peak power: >MW

Frequency conversion

JST-Mirai project for laser-driven particle acceleration

/ 10J (6J, 532 nm) compact-module for Ti:Sapphire laser pump \

Microchip O 30mm x ~100 mmL-DFC O 10mm QPM-Quartz,
laser O 10mm-DFC Nd:YAG/885nm Ib,7=1TW/cm? for 0.7ns
Nd:YAG/885nm (700 J/cm? for 0.7ns)
ot 1111152 _
4mJ pre Amp. 200mJ . 10 SHG
K Main Amp. 1064nm /

10 J, 100 Hz operation at 1064 nm
Common crystals and methods

Room temperature operation
Reduce need for expensive cooling system

Compact design to fit a breadboard
Reduce overall size of the system

QPM-quartz crystal for frequency conversion
High LIDT value




Power scalability

A3 paper size amplifier system

Output

Pumping LD B
6kW / 1.5J

|
-

/

I

Double pass
30 cm

Beam expander

&
Side-pumped amplifier | 8+

m

L=

I |

N EEEEEn

e e, e ——————

Outpuf PBS

i
$5 mm x 126mm ND:YAG rod (1 at.%)

Pulse energy:
Duration:
Rep. rate:

M?2:
Brightness:
Size:

235mJ
600ps

10 Hz

1.4
18PW/sr crr
A3 paper

Power scalability for various laser configurations

Rod Fiber Thin disk DFC
large area double-side face cooling
Oscillator Shape A small area .. .

I Fiber-coupled LD b A ?;c?eSI ) )+ )
I -_ Parameter / cooling vy, /)
N2 short L long L thi:’;lf IW t

Pumping light:
Gain aperture | 808nm / 120W _
{End pumped ampitier) Maximum b _BaRL p _STRL |, _12R, ( A) p _24NR, (A )
RRiarcaiBi o extractable power e ¥ : x ; x \1 ex 5 /
. . ] medium high
Distributed Face Cooling concept :
. ) low ‘'or high
Coating Copper heatsink Coating high high
< 1T 01 1 1 istributed face cooling
® —> > > —>
*g E a1 1 1 hermal shock parameter
f<iie)) ' :
000 Heat extraction Output rea of a gain medium

\

J

V. Yahia and T. Taira, Opt. Express 26, 86(. «..c v..,

Y

Multiple-crystal DFC chip

N S S eSS sSsS===

ain medium length
ain medium thickness
eating parameter

umber of chips or disks
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Gain evaluation for 2J, 100Hz system

Parameters used in estimations

i : 1 Fin :
Single-pass gain G, = F—_ln{l + [exp < T > = 1] exp(gol)} Absorption coeff, a 1.5 cm?
_n S
ks Emission cross-section, g, 2.8 x 1019 cm?
1 [exp (F ) - 1] exp( )expz(gol) Fluorescence lifetime, 7, 250 us
Double-pass gain G,=7—In{1+
% 1+ [exp (%) B 1] i) Crystal length 10 mm
S S
Pump wavelength, 4, 885 nm
. ; Pump peak power 4 x 8 KW
—— Single pass E
T Doublepass ! Pump size 1 cm?
3.2 :
- Pump pulse duration 250 us
>
g2-4- : Saturation fluence, F,, 2.55 J/lcm?
P In ideal case 3\? output
- could be achieved Small-signal gain, g, 3.14
216
g Absorption eff, 74, 0.78
0.8 Radiation quantum eff, 7, 0.78
Storage eff, n; 0.632
0.0 0.2 0.4 06 0.8 1.0
Input energy, | Storage energy, Eg, 2.55J
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Experimental setup

885nm LD stack
Nr2 with beam shaping optics

Nr1 \u[/ﬁ‘
o

®

885nm LD stack
with beam shaping optics Nr4

N\ Jo/ |

21-crystal DFC chip
1.1-at% Nd:YAG

21-crystal DFC chip
1.1-at% Nd:YAG

28 mm

- -6 Double_—pass
optics
S,
“IFe Output

pre-amp

500 mJ, 25Hz, 10ns,r
) .

\ 2J, 25Hz, 10ns

« Pre-amplifier is unstable if repetition rate changes due to thermal lens

* Residual pump power could damage the LD diodes

DFC chip 2x (total gain length 10 mm)

Pump

1.1-at% doped Nd3*:YAG
10x10x0.5 mm?3

c-cut Sapphire
10x10x2 mm?3

4x LD modules

Wavelength 885 nm

Rep. rate 1 Hz to 50 Hz
Pump pulse 250 us
Pump power 8 kW per LD
Pump energy 2 ) per LD




Surface Activated Bonding (SAB)

Laser gain medium
‘ \ Amorphous

layer +
Ry 571 / dangling bonds

Hign TR e

Heatsink

a) Initial state

| K

FAB#2 Ar

b) FAB
(Fast Atom Beam)

c) Amorphous layer
creation

b) T. Suga et. al, Acta Metall. Mater. 40, S133-S137 (1992).
c) L. Zheng et. al, Optical Materials Express, 7(9), 3214 (2017).

Bonding chamber
(UHV ~10° Pa)

11-crystal DFC chip, Nd3*:YAG/Sapphire

Mechanical
press

\

A A A A AAA A
-0 -0-5-5-
.
1500000054

Patented

d) Bonding

AR@808nm

AR@808nm+
HR@1064nm

HR@808nm+
AR@1064nm

Composite chip,
Sapphire/Nd3*:YAG/Cr*:YAG/Sapphire

OC@1064nm
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Fast Atom Bombardment activation source

Nd:YAG

Amorphous
layer

Sapphire

—— 10 nm

KL —4
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TEM and EDX measurements. Reference crystal

o T 100
i iy e
- e O
80 Nd3*:YAG Sapphire —Y
70
(o)
o~ 60
@)
O 40
el
<T 39
00 Resolution
0.63 nm
10
0 —
0 10 20 30 40

Distance (nm

Arvydas Kausas, Zheng Lihe, Takunori Taira, Japanese applied physics conference, 14p-A201-2 (Spring, 2020)
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Coated material bOnding Ceramic crystal bond

(diffusion bond)

No
coating

Crystal bond _
(SAB, with'interface coating)

Dielectric Coating Layers
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(a) Magnification : x 25,000 (b) Magnification : x 20,000,000

TEM analysis of SAB boundary: Coated samples
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TEM and EDX measurements. Annealed crystal (1100°C)

100
. 90
. 80

- -
60
50

40

Atomic %

30
20

Distance (nm)

Arvydas Kausas, Zheng Lihe, Takunori Taira, Japanese applied physics conference, 14p-A201-2 (Spring, 2020)

— 0
e Al
Nd3*:YAG Sapphire —Y
WWAMNA A
Resolution
-J\-W"\/\/\/\f“’\fv\ 063 nm
0 10 20 30

40
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Linear thermal expansion

AL = aLAT
YAG crystal: 6.13x 10° 1/K

Sapphire (llc): 5.3x10°1/K
Sapphire (Lc): 4.5x 10°1/K

Annealing temperature 100 °C for 3 hours

Example of p1” bonded crystals

.Annealing temperature
600 °C for 24 hours

Pl

Example of
YAG/Sapphire bonding

Before

Annealing temperature
1000 °C for 24 hours

Example of
Yb:YAG/Sapphire
bonding




Tensile strength
measurement

» Device preparation

 First measurements with the various adhesive
* New holder setup

» Crystal preparation

» Crystal annealing

» Tensile strength measurement

« Additional water drop test

2021/08/11 AT UM A 7A7 4 P27 RTLBZEHNBBEREAEL —Y
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Initial setup

ey .

ey

UNIVERSAL TESTER
CAPACITY 5.TON

DATE HI.3. 20

SANWA KIKI SEISAKUSYO
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Test adhesive for bonding test

 Aluminum plate samples glued to a glass sample were prepared to test the strength of adhesive, which
could potentially be used for real bonding tensile strength measurement.

* Tensile strength of each adhesive was evaluated

Sample Nr 1, | Sample Nr 2,

T7ILEA K
(2019/07/19)
3M 2216 (2019/07/25) 6.97 6.84
Permabond ET500 + 115 i
primer 2K (2019/10/03) '

A , .
Sample before the test Sample after the test

2021/08/11 AT UM A 7A7 4 P27 RTLBZEHNBBEREAEL —Y 16



New tool by Kondo san, 2019/11/20

Top holder

Hi:

Bottom holder

Sample

2021/08/11
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Crystal preparation. Bonding 2020/02/10 — 02/12

FAB machine, Gen 2, room 104

___sampleN | __FABtime | _load_1N Load_2, N

Nr. 1
Nr. 2

8 min
8 min 202 900 316

lon source machine, LAN, room 302

IR e T T

Nr. 3
Nr. 4

5 scan
5 scan 500 5

* Load_X - bonding force applied for 15t or 2" bonding procedure
* Time_X —time spent under applied force for 15t or 2" bonding procedure

360

Sapphire, c-cut
10x10x3 mm

Sapphire, c-cut
10x10x3 mm

2021/08/11
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Crystal preparation. Temperature annealing 2020/02/13

1 | From Room T to 500 °C 10 h
2 | 500 °C constant 24 h
3 | From 500 °C to RT 8h

;\/

Samples Nr 2 and Nr 4 are placed inside muffle furnace

2021/08/11 AT UM A 7A7 4 P27 RTLBZEHNBBEREAEL —Y
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Tensile strength results

1 FAB, ref 1.170
2 FAB, 500°C 1.365
3 lon, ref 1.951
4 lon, 500°C 5.852

Electrical discharge is visible for sample Nr 1 and Nr 3
(not annealed samples)




Water drop test

Test could show the surface preparation by applying one drop to a surface of a crystal, if surface is rough the
drop will have high angle because of the surface tension forces

Argon treated No Argon treated :
surface surface The surface after debonding is not rough

2021/08/11 AT UM A 7A7 4 P27 RTLBZEHNBBEREAEL —Y
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Future work

Fig. 4. (a) Experimental setup of four-point bending strength test and (b)
photograph of a jig used in the test.

Fujioka, K et al. “Room-temperature bonding with post-heat
treatment for composite Yb:YAG ceramic lasers. Optical Materials,

91, pp. 344-348 (2019) Autograph AGX-V (Shimazu)

Conclusions

* 4 samples were prepared for tensile stress measurement.

* Bonding strength varied from 1.2 MPa to 5.8 MPa, depending on the sample preparation condition.

* Highest bonding strength was achieved in the sample which was made by ion source and later annealed at 500°C.

* Reference samples produced electrical discharge during crystal separation.
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Comsol Multiphysics
simulations

FEA model O o O O O O o o
o N O 000 O < N O O o O o
_ _ e N N 4 4 oA = =~ 00 O I N
Evaluation of beam propagation T

Power distribution in DFC chip

Temperature distribution

Phase shift evaluation

Thermal lens model




Finite element analysis calculation

Pump beam profile:
« Square Top-Hat profile
« Beam waist is constant along the crystal, 2w =10 or 15 mm

Absorption coefficient in Nd3**:YAG crystal:

» Absorption coefficient is constant and does not depend on a
temperature

 No pump saturation occur* (Ipymp < Isaturationpump)

Fractional heat load:
* 7y, equal to 0.318 (for 885 nm pump)

Q(X, y, Z) u Pin'nh-abs(x;z\A/,y<W)°a(Z) e fol a(z)-dz

"Y. Sato et al. in IEEE JQE, vol. 40, pp. 270-280 (2004)

COMSOL yig

Nd3*:YAG rod
1.0-at%

010 mm aperture

50 mm length
Absorption eff ~ 92%

Quarter size FEA simulation

——)

DFC chip

1.1-at%

010 mm aperture

53 mm length
Absorption eff ~ 77.7%

250

Total pump energy = 2 x 4J (800 W average power)

200+

=
w
o

Temperature, °C
=
o
o

%]
o

=== DFC chip
Rod

Heatsink temperature 23 degC

20 30
Chip length, mm

degC

220
200

F1180
- 1160
- 1140
r 1120
r 1100




Thermal effects

885nm LD stack
Nr2 with beam shaping optics
1.1-at% Nd:YAG

1.1-at% Nd:YAG
Nr1

21-crystal DFC chip ~ 21-crystal DFC chip

885nm LD stack
with beam shaping optics Nr4

Nr3

Nel/
g swren

- 1.0-at% Nd:YAG rod

length 50 mm

1030 nm ,signal /

1Hz, rod

N1/

\4* CCD

N
o
o

Temp. difference (°C) &

N
o
o

Temp. difference (°C)

Temp. difference (°C) &

=
[=}
o

w
=]

FEA simulation for Rod and DFC chip

b)
— 1Hz — 1Hz
—— 20Hz Q200 —— 20Hz
—— 50Hz - —— 50Hz
—— 100Hz §150 —— 100Hz
g
L
£ 100
©
o
£ 50
L)
l_
2 3 3 5 6 7 0 1 2 3 4 5 6
Radial length (mm) Radial length (mm)
Comparison between Rod (a) and DFC chip (b).
Radial temperature distribution
b)
— 1Hz
200y —— 20Hz

=
wu
o

—— 50Hz
4x decrease in [E————
temperature

B i

]

10 20 30 40 50 0 10

40 50
Rod length (mm)

20 30
DFC chip length (mm)

Comparison between Rod (a) and DFC chip (b).
Longitudinal temperature distribution




Power distribution inside chip

885nm LD stack _ 885nm_ LD stqck
with beam shaping optics 31-crystal DFC chip 15-crystal DFC chip 31-crystal DFC chip with beam shaping optics
1.1-at% Nd:YAG 1.1-at% Nd:YAG 1.1-at% Nd:YAG
IIIIIIIIlIlIIIII-IIIIIII-IlllllllIIIIIII \]6J
A -
> / - > - > - >
7’ 43 mm ‘ 27 mm \ 43 mm N
()/ // \ .
¢z S o N[ Double-pass
P \\ f \ _optics
’ N
7/ AN = — N
// \ \\
7/ \\ Output \\
// 10 \\ o > Q
s Power distribution N i
= > s
S 8_ \ \
w 1 ] 3 ' 4
et
© r T L
Q R -
67
5 s
o
O
4_.
: |
o i 5
ol ke )
3 _ 1l \m\m\ i
< o 20 3 4 50 e
0_ 1oL
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

Plate number
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Temperature distribution

30 40
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Optical Path Difference (phase shift) in end-pumped rod crystal

The relative path difference (or phase shift) traveled between two rays that pass through
different mediums from the same object point.

OPD of an ideal lens (parabolic)

r
-
OPD(r) — OPD(0) = ——
(1) = 0PD(0) = =5
v
Thermally induced OPD
on 3
dOPD(r,z) = 3T +(n—-1)A+v)ay + 2Cn°ap|AT(r, z)dz
r - radial direction
Refractive index End-faces Stress induced ar - thermal expansion coeff
change with bulging birefringence on i
temperature P refr. Index change with temperature
n — material refractive index
Temperature change v — Poisson’s ratio

C, - photo-elastic coeff
AT(r,z) = [T(r,2) — T(0,2)] b

S. Fan et al, Opt. Comm., 266, p620 (2006)




Optical Path Difference (phase shift) in end-pumped rod crystal

1. Calculate 2D surface temperature
2. Calculate temperature difference by at2(0, y, z, T)- at2(0, 0, z, T) function

Crystal aperture, r (mm)

-0.5¢

2.5¢

1.5¢

0.5f

Temperature difference: Temp at radial position of a rod — temperature at the rod center

Surface: Temperature (K)

0 1 2 3 4

Crystal length, z (mm)

440

420

400

380

360

340

320

4 AT =T(r,z) —T(0,2)

T(0,z1) T(0,z) Z

do(r,z)

40



Phase difference evaluation for the DFC chip

0.000
— —0.002;
E - -
£ Thermal lens evaluation in large aperture DFC
+ —0.004
O Pump beam size (half) 08
) = - =
¢ —0.006! W =5mm - oW =5 mm
g o =y w=7.5mm
al 25 Hz ~§— .
—0.008[ — s0Hz @ os |
f 100 Hz | QC) E
0 2 4 — o4 f
r (mm) € ol
0.000 E
N — 0.2 -
£ -0.002/ o1 f
= o b —°
= —0.004" 0 20 40 60 80 100
© ' Pump beam size (half) LD repetition rate (Hz)
S w=7.5mm
@® —0.006;
c
(e — 10Hz
25 Hz
—0.008" — 50tz
—— 100 Hz
0 2 4
r (mm)
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Future work

1. Full simulation for amplifier case 2. New model for thermal lens and stress induced birefringence
Coating Copper heatsink Coating
D Sk with bean%assllﬂlr;irl;g uﬁg \ /

with beam shaping optics 31-crystal DFC chip 15-crystal DFC chip 31-crystal DFC chip
1.1-at% Nd:YAG 1.1-at% Nd:YAG 1.1-at% Nd:YAG

$44
$41
$41

=
=N
§ E
i 5
|
4
s
heatsink
gain
$447 144
o)
>

000 Output
43 mm
- Double-pass
[ AN \ optics - o
aE L - > >
pre-amp
E/ W Output

3. Water flow simulation

_ — — —

Temperature distribution Water flow distribution




Bonding for KEK
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DFC chips for KEK experiment

DFC #1, 19-crystal

DFC #2, 21-crystal

{

ok 90,

DFC #3, 21-crystal

20 30 a0
k'S 1 \

O dnaii
3 .

= J.u.lLM.MJ.I.!J.IJ.I.I.I.IJ.I.l.l.l.|.I.l.l.l.'.l.l.IJ.|.|.I.1.I.LI.I‘I.I.LLI

DFC #4, 31-crystal | DFC #7 , 31-crystal

7/|Il||"[f|” [Ii “”I I l\ \\Ml \\\\\\\\\\\\\\\\\\\\\\\\\\4

Al = ‘,
DFC #5, 31-crystal DFC #8 31- crystal

DFC #6, 31-crystal DFC #9 , 37-crystal

DFC #10, 45-crysta|

DFC #12 , 36- crystal
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