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» LCLS-Il K-B mirror system
= Dynamically bendable
= \Water cooled

WEPE33 KB Mirror Design for the LCLS-II
SXR Beam Line

FRBAO4 LCLS-Il KB Mirror Systems:
Technical Challenges and Solutions
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» LCLS-Il K-B mirror system
OC‘(/% = Dynamically bendable
? = \Water cooled

» Requirements
= Accurate bent mirror shape
= Effective cooling AB
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Background

» Requirements
= Accurate bent mirror shape
= Effective cooling AB

- Eutectic Galn (liquid metal)
" Good thermal contact
" Mechanical de-coupling
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Background

» Requirements
= Accurate bent mirror shape
= Effective cooling AB
- Eutectic Galn (liquid metal) 6,,
" Good thermal contact

" Mechanical de-coupling (???
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Eutectic Gallium-Indium (eGain)

» eGaln: 75.5% Gallium (29.76°C)
24.5% Indium (156.6°C)

T =15.7°C

melting

» Thermal interface
= Thermal conductance > 10° W/m2.K, ~ 10 times better than Indium foil
= |Interface or trough / bath for indirect cooling of the X-ray mirrors
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Eutectic Gallium-Indium (eGain)

» eGaln: 75.5% Gallium (29.76°C)
24.5% Indium (156.6°C)

T =15.7°C

melting

» Thermal interface
= Thermal conductance > 10° W/m2.K, ~ 10 times better than Indium foil
= |Interface or trough / bath for indirect cooling of the X-ray mirrors

» Mechanical properties
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Eutectic Gallium-Indium (eGain)
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» eGaln: 75.5% Gallium (29.76°C)

24.5% Indium (156.6°C)

T =15.7°C

melting

» Thermal interface
= Thermal conductance > 10° W/m2.K, ~ 10 times better than Indium foil
= |Interface or trough / bath for indirect cooling of the X-ray mirrors

» Mechanical properties
= Bulk viscosity ~ 2 mPa.s (2{,4ter) N
= Modulus ??
= Thin skin (oxides of Ga)
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103

102 10" 1
Strain Amplitude (Y))

G.and G!' (N/m)
) ]
Surface Stress O (N/m)

Dickey et al., Adv.Funct.Mater.2008,18,1097-1104

Dickey, ACSAppl.Mater.Interfaces2014,6,18369-18379
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Eutectic Galn as thermal contact interface
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Galn interfaces (pink lines), gap = 50 um
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Eutectic Galn as thermal contact interface

Galn interfaces (pink lines), gap = 50 um

Mirror bending
=> mirror motion (up-down)
relative to fixed cooling blocks
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Eutectic Galn as thermal contact interface

Galn interfaces (pink lines), gap = 50 um

Mirror bending
=> mirror motion (up-down)
relative to fixed cooling blocks

What’s the mechanical constraint effects
during the mirror bending?
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Galn test Setup

» Si-wafer (D=4", t = 4 mm, both side polished)
» Galn gap: (51, 102, 152, 203, 254 ym)

Silicon wafer
moving part

Silicon pad
fixed on a
force sensor

» Measurements
= Displacement of Si-wafer d,, .,
= Forces of Si-pads on
Left side and Right side: F L, F R
" Relative displacement between wafer and pads: d,q = dyaer — (F — Fo)/ Keg
= Force gauge stiffness: ke = 10.57 N/mm

Displ. Sensor B
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Galn test Setup — measurement accuracy

F(N)/d (mm)
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» Force & displacement measured when there is no motion

’ Eoxce & displacement versus time, run2_24, Test_1

dwa!er

F left side

0 50 100 150
time (s)

200

gap=100 pm
€=+ 0.15 um
gp=10.7mN

Sensors accuracy:

0.2 um, 0.2 mN

Force (N)
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Galn test Setup — measurement accuracy

F(N)/d (mm)

tn
b
@

» Force & displacement measured when there is no motion

’ Eoxce & displacement versus time, run2_24, Test_1
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—d gap=100 pm

F left side

€=+ 0.15 um
gp=10.7mN

Sensors accuracy:

0.2 um, 0.2 mN

Force (N)

(=g}
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0.5
0.4
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0.1

-0.1
-0.2
-0.3

[AVARVH

50 100 150 200
time (s)

force versus displacement of F-gauge

! kforce gauge =
10.59 £ 0.06 N/mm
y=0.0107x- 0.1626
-20 0 20 40 60 80

Force (N)

displacement (um) \l interface

VUPL T 1TV, 2VITY; e S v

1Fp{gé versus relative displacement, run2_24, Test_1

0.5F

_05 -

left side
—right side
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displacement (mm) x10™



Galn test Setup — measurement accuracy

o1 AL
P = N
» Force & displacement measured when there is no motion
’ Baxpe & displacement versus time, run2_24, Test_1 1Fp{gé versus relative displacement, run2_24, Test_1
dwaer = left side
FleﬂrSide gap 100 !.lm —rightlside
0.5 05}
3 —
g gg=+0.15um 5
20 gp=10.7mN g o
3 &
w
0.5 -0.5
Sensors accuracy:
1 . ' . 0.2 um, 0.2 mN
0 50 100 150 200 ~1-1 -0.5 6 0.5 1 1.3 2 245
time (s) displacement (mm) %107
force versus displacement of F-gauge dwafer AL dnominal’ run2_25
0.6 05 ‘ ‘ '
05 - kforce gauge =
! 0.4 backlash = 9.4 um
— %% 10.59 £ 0.06 N/mm
Z 03 4 =
$ 02 E ’
S 01 kS
0 .ci 0.2+ ]
0.1 y =0.0107x- 0.1626
= 0.1 4
0.2 o dwafer
-0.3 Linear Fit
h— = . 0 | | 1
20 0 20 40 60 80 | interface 0.1 0.2 0.3 0.4 0.5
16 displacement (um) d .. (mm) 6
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Galn Test results — Repeatablity

N

Force & displacement versus time, run2_24, Test 4

d

wafer

left side

Frighl side

F(N)/d (mm)

0 20 40 60 80 100
time (s)

= Galn gap = 100 um
= Si-wafer displacement d,.., = 200 um, at speed 20 um/s

» 3 — cycles measurements 2> Good repeatability
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Galn Test results — Repeatablity

el AL
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Share stress ~ F/A . ptact
Force & displacement versus time, run2_24, Test_4 g 1Force versus relative displacement, run2_24, Test_4
d left side
et ——— right side
0.15 T leftside 0.08 e
Frighlside
= 0.06
g =
g 01 <
Y 8 0.04r
= (o]
€ 005} o
w 0.02
0 0
0.05 : : : : -0.02 : : :
0 20 40 60 80 100 0 0.05 0.1 0.15 0.2
time (s) displacement (mm)

Share strain ~ d/gap g,

= Galn gap = 100 um
= Si-wafer displacement d,.., = 200 um, at speed 20 um/s

» 3 — cycles measurements 2> Good repeatability
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Galn Test results — at different speed of displacement

» Si-wafer displacement d = 200 ym, at speed 10, 20, 50 pym/s

» 3 cycles measurements per speed - Repeatable

wafer

Force versus relative displacement, left side

0.08 |—10
—20| um/s
50

_0.06
3
S
u‘c',: 0.04 -

0.02 f? M_"_'_._‘-r;..'.-‘r .... o

0 // l .
0 0.05 0.1 0.15 0.2
displacement (mm)

» Speed 20 um/s is mostly used in other measurements
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Which type of material model ?
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Force versus relative displacement, left side

0.08
0.06
3
Shear strain:100% ~ 400% g
s 0.04
g
0.02
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Which type of material model ?

N

stress o (MPa)

Glidcop Al-15 as-received, de/dt = 10 s

400
200
0
v —T=20°C
-200 T=300°C
T=450°C
-400 ==T=600"C
-0.7 -0.35 0 0.35 0.7
strain € (%)
ElastoViscoPlasticity
Glidcop Al-15 at
different temperature
Force versus relative displacement, left side
0.08
= 0.06
- 3
Shear strain:100% ~ 400% g
s 0.04
g
0.02
Minimization of mechanical constraint effects of Eutectic Galn as thermal interface 0

0 0.05 0.1 0.15

MEDSI 2016, Sept. 11-19, 2016, L. ZHANG displacement (mm)



Which type of material model ?

stress o (MPa)

400

200

-200

-400

Glidcop Al-15 as-received, de/dt = 10 s

W, ——T=20°C
T=300°C
T=450°C
—~=T=600°C
-0.7 -0.35 0 0.35 0.7

strain £ (%)

ElastoViscoPlasticity
Glidcop Al-15 at
different temperature

Shear strain:100% ~ 400%

Stress (MPa)

150

Axial Stress (Mpa)

120

Strain (%)

SuperElasticity
NiTi shape-memory
alloys (SMAs)

N

Force versus relative displacement, left side

Force (N)
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Which type of material model ?

ol AL
o B N
150 : ﬁ' % Unliaxial s‘lretch \:vilh K:.2180 CISPa -
Glidcop Al-15 as-received, de/dt = 104 s g J
400 = ] oo ‘ i
120} T/ B i et s iUl
- P i F o "' p
E‘ 200 &-s ‘E;_ _,,:-'-’
-g- 0 g '%: 5p .“-ﬁ‘:'_:
) @ ¢ =
2 " . 8 { &
s —T20c 3 .
w -200 T=300°C "g ol
T=4 SO:C 7 % 2/ [—Neo—Hookean: G = 3.100 MPa
-400 =*=T=600"C < -1 ; T:ldleoc;;::f:ie:l;::2‘:=1f(?(?0MMP:a, G,=0.114 MPa
b .. Yeoh: Q =1.202 MPa, C, = -0.057 MPa, C, = 0.004 MPa
-0.7 -0.35 0 0.35 0.7 = ot | ot 200w Jm2= . 5
strain € (%) Strain (%) l.' i} Uniaxial Tension Expt.
_—25:00 =50 0 50 100 150 200 250 300 350 400
Axial engineering strain (%)
ElastoViscoPlasticity SuperElasticity HyperElasticity
Glidcop Al-15 at NiTi shape-memory rubber
different temperature alloys (SMAs)
Force versus relative displacement, left side
0.08f |—10 -
—_—20 um/s
50
0.06 1
- 3
Shear strain:100% ~ 400% g
s 0.04 ]
g
0.02 ]
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Which type of material model ?

ElastoViscoPlasticity SuperElasticity
Glidcop Al-15 at

different temperature alloys (SMAs)

Shear strain:100% ~ 400%
-> Full range FEA impossible (non
convergent) with ANSYS

NiTi shape-memory

ol AL
tod B ™00
1 50 ) ﬁ' Uniaxial stretch with K=2180 GPa
5 20, T T T T T —
Glidcop Al-15 as-received, de/dt = 104 s 5 ' *,’5
400 15t 2
1201
- = 10}
= 200 s < ,
& g < o
S | o
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2 ® 2
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‘400 -} - . . Mooney—Rivlin: C‘ =1.030 MPa, Cz =0.114 MPa
. Yeoh: C = 1.202 MPa, C, = -0.057 MPa, C, = 0.004 MPa|
- 1 T2 t T3
-0.7 -0.35 0 0.35 0.7 -15f :' ... Gent: G = 2.200 MPa, J =30
strain £ (%) S"ain (Vo) i} Uniaxial Tension Expt.

1
-2

—?00 =50 0 50 100 150 200 250 300 350 400
Axial engineering strain (%)

HyperElasticity
rubber

Force versus relative displacement, left side
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Forces Analysis

o=l Ar>
b M\

» Mechanical constraint effects

0 rorce versus relative displacement, run2_25, Test_24

= eGaln interface induced o] [ ronisie
— Force Fg,, ~ 0.35 N/pad
— Mg, ~ Foan (270.35+2%0.45) = 0.56 Nm 30‘2
= Bending moments (30-mm thick mirror) £ o
— Mbending ~ 03*90 = 27 Nm ol
" Mgain / Myenaing ~ 2%  (very significant) | ‘ | ‘ ‘
-0.05 0 0.05 0.1 0.15 0.2
displacement (mm)
> eGaln Viscosity related force . _ | or Jgain= 50 WM
. |:viscosity ~04 UN/pad e )

. I:viscosity/ |:measured = 10-6 (neg"gible)

» The mechanical constraint effects of eGaln interface
is not negligible (at this stage), but it’s not

viscosity related force (and therefore will not be
treated as fluid)

Minimization of mechanical constraint effects of Eutectic Galn as thermal interface
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Galn Test results — Data fitting, modulus

Force (N)

Force versus relative displacement, right side

055 T T T T
gap=100: Run2_23, Test_25
gap=100: Run2_23, Test_27
0.5 gap=100: Run2_23, Test_31 1
gap=100: Run2_24, Test_4
gap=100: Run2_25, Test_5
0.45r i
04+ .
0.35+ T
0‘3 1 | | 1 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

displacement (mm)
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Galn Test results — Data fitting, modulus

el AL
tod B ™00
Force versus relative displacement, right side
0.55 ] ' ’ ' ' Force versus relative displacement, right side
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G=2149Pa
0‘3 1 | | 1 1 042 1 ‘ L |
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displacement (mm) displacement (mm)
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Galn Test results — Data fitting, modulus
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Galn test results — gap dependant; Modulus G, and G,

- Force versus relative displacement, left side

gap=50: Run2_26, Test_1
0.25 gap=100: Run2_24, Test_4
gap=200: Run2_26, Test_18

=
N
T

Force (N)
o
o

CEIN- y
0.05+ ;g .
0 L 1 1
-0.05 0 0.05 0.1 0.15 0.2

displacement (mm)
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Galn test results — gap dependant; Modulus G, and G,

Force versus relative displacement, left side
0.3 T T T T
gap=50: Run2_26, Test_1
0.25F gap=100: Run2_24, Test_4 4
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Galn test results — gap dependant; Modulus G, and G,

0.3

0.25
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Force (N)
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Force versus relative displacement, left side
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gap=50: Run2_26, Test_1
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gap=200: Run2_26, Test_18
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Galn test results — gap dependant; Modulus G, and G,
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Galn test results — gap dependant; Modulus G, and G,
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Bending Operation Optimization with Galn Interface

N

Force versus relative displacement, left side
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displacement (mm)
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Bending Operation Optimization with Galn Interface

N

Force versus relative displacement, left side
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measurement| 9ap=200: Run3_11, Test_11
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Bending Operation Optimization with Galn Interface

N

Force versus relative displacement, left side
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measurement| 9ap=200: Run3_11, Test_11
Linear-Fit(1)
Linear-Fit(2)

o

o

—

o
T

=

o
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&)
T

k,=051, k,=0.01N/mm
G,=234.33,/G, = 444 Pa

0 0.1 0.2 0.3
displacement (mm)
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Bending Operation Optimization with Galn Interface

Force versus relative displacement, left side

0.025 ; ; ) .
measurement| 9ap=200: Run3_11, Test_11
i Linear-Fit(1)
0.02 Linear-Fit(2)
20.015¢
D
L
& 0.01}
0.005 k, =051, k,=0.01 N/mm
G, =234.33 ,|G2 = 4.44 Pa
0 - .
-0.1 0 0.1 0|2 0.3 0.4
displacement (mm)
g=4 m

A
\ 4
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Bending Operation Optimization with Galn Interface
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Force versus relative displacement, left side
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' Linear-Fit(2)
20.015¢
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e
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Bending Operation Optimization with Galn Interface
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Force versus relative displacement, left side
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FEA results with cooling blocks and Galn interface

ol A
b M\

ANSYS Release 16.0
MAR 30 2016
17:20:31

PLOT NO. 199
NODAL SOLUTION

Vertical displacement of the mirror Uz (mm)

STEP=1
SUB =1
TIME=1
/EXPANDED
Uz (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.412588
SMN =-.175605
SMX =.025594
F

-.175605
= -.15325
o -.130894
o -.108539
mm -.086183
1 -.063828
] -.041473
o -.019117
| .003238

.025594

VFM, FP1, GaIn(200um, G=9 Pa), Fin=90.014,Fout=90.011N, Uz BC=0um

G,=9 Pa
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FEA results with cooling blocks and Galn interface

0.2 -

—FP1_opt
——FP1 Galn
—FP1_Galn_Fopt

0.1 —

Residual Slope Error (RSE) :
Aslope = slope — slopeinse

0.1 -

Residual slope error (prad)
=

-0.2
-500 -250 0 250 500
mirror axis (mm)

UZBC I:Galn gGaln GZ g I:inp l:outp RMSdUz RIVISdslp
um mN um Pa m N N nm nrad
-1 -1 4.7 90 90 0.4 1

0 -13.7 200 9 4.7 90 90 10.0 57
O -13.7 200 9 4.7 90.014 90.011 1.8 9

Minimization of mechanical constraint effects of Eutectic Galn as thermal interface
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Galn gaps

gGaIn =50 MM

YGan = 200 MM - 4 YGain = 500 pm

Minimization of mechanical constraint effects of Eutectic Galn as thermal interface
MEDSI 2016, Sept. 11-19, 2016, L. ZHANG
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Galn gaps

9Gain = 50 pm

Oe.n = 200 pm

Before assembling

‘ gl N f for test at gg,n=
- - .‘,’g : : 152 um

g Wafer side ]

After test at
dgamn= 192 ym

n as thermal interface




Summary of Galn test results

1 AL

e M\

N

Force versus relative displacement, left side

Shear modulus Gz, at various motion patterns
0.025
measurement gap=200: Run3_11, Test_11 “.«ﬁ N
il Linear-Fit(1) ) i e
i Linear-Fit(2) ! *
- / 60 -
< 0.015 =
o ? Q
S i N 40f
& 0.01} / ©
0.005 # k,=0.51, k,=0.01N/mm | 20+
G,=23433,/G, =444 Pa
" ; ; ) 0 I 1 | I |
90.1 0 0.1 0.2 0.3 0.4 0 50 100 150 200 250 300
displacement (mm) gapg,,, (+m)

» The mechanical constraint effects of Galn contact interface can be
minimized to be negligible for LCLS-lIl SXR KB mirrors by
= Setting the gg,,=150 um. Shear modulus G,= 9 Pa easily achievable

= QOperating between point B and E, and following the force ~ displacement
curve

Minimization of mechanical constraint effects of Eutectic Galn as thermal interface 17
MEDSI 2016, Sept. 11-19, 2016, L. ZHANG
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