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%O Background

aLIGO

CE1/CE2(1)

CE2(2)

— Room temperature
1um laser
Fused silica test mass+ fibers
40 kg test mass
~102?Hz” @10Hz

— Room temperature
1um laser
Fused silica TM + fibers
320kg T™M
~10?*Hz” @10Hz

—  Cryogenic
2um laser
Silicon TM + ribbons
320kg TM
~102*Hz” @10Hz

Goal: come up with a “realistic” CE

suspension design
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%0 Outline

Requirements / What do we want
Silicon

Design approach

A few concepts

Conclusion
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%O Requirements - CE2(1) :

1
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%O Requirements - CE2(2) :

@
Courtesy of K. Kuns
‘ == A+ Total

\ Assume x100 better seismic isolation compare to aLIGO at 1Hz
e = CE2 (2 pm) Total
. \ === Quantum Vacuum .
10-23 4 . = Seismic Requirements:
1 W \ ==Newionim e Dia. 800mm, Mass: 320kg
‘_ — uspension erma N . . -
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2 3 mem Substrate Thermal
e ‘ - Residual G_as We want:
E ol : = Scattered lignt ‘ e Violin mode frequency o< stress in the ribbons: stress as
0 10 3 high as possible
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uGco Silicon

Silicon is a brittle, cubic crystalline solid.
] I

( ] )
Crystalline structure
1. Mechanical properties depend on
crystal orientation — anisotropic
(see next slide)
\_ J

Diamond cubic crystal structure

1. Uniform thermal expansion in all directions

/.

a 1
a
\ Unit cell of silicon

2. Uniform change in elasticity in all directions [2]

/Brittle material

1. Failureis considered to occur at
fracture rather thanyielding

2. Compressive strength larger than
tensile strength

https.//www.youtube.com/watch?v=xkbQnBAOFEg
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e Anisotropic material

e Evaries between 130 and 188 GPa

E change due to thermal: ~-60ppm/°C
[4-5]

Thermal negligible for now
Assume isotropic behavior for now
E=155GPa

v=0.27

(GWINC values)

200

Young's modulus, E (GPa)
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Young's modulus of Silicon, (100) plane Poisson's ratio of Silicon, (100) plane

(a) (b)

The direction
normal fo the top
surface is the
[100] direction

The top surface of a
“(100) wafer" is the
{100) crystal plane

(a)
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%0 Silicon - Tensile strength

e Calculated tensile strength: 22-47.3 GPa [2,6-7]

|
e Measured tensile strength (SAW method):  *

(@)

5-7 GPa[8]
0.8 GPa [9]
1.6 GPa[10]
>2.5GPa[11]

o O O

e Measured tensile strength (pull/point bending test):

o ~350MPa (up to 700 MPa) [13]

I o ~200MPa (up to 450 MPa) [12]

o 370 MPa (up to 590 MPa) [14]

e Fracture stress decreases with increasing cross

section of the silicon sample.

Coated silicon?[15]

(current Voyager design [16]: 0

a

=100 MPa)

We chose:

Excitation beam CW probe beams

AN

4> N N
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%0 Fused silica

Glass in amorphous (non-crystalline) form.

v KA

brittle isotropic
E=72.7 GPa
(GWINC values)
v=0.167

o . =800MPa for blades (see next slide)

o .= 1.2GPa for fibers [17]

m

More conservative numbers for CE1/CE2a

Ls

https://www.ligo.caltech.edu/image/ligo20101010a



J
%0 Suspension parameters

Max suspension mode ~3Hz:

e “Scale up” the upper stages (suspension point, top mass and antepenultimate mass), focus on lower stages

e Fiber/ribbon length: 2m
e Blade springs between the penultimate mass and the test mass

Component Material Dimensions (mm) Comments
CE1/CE2(1) | FusedSilica 700 dia. x 400
Test mass ~320kg
CE2(2) Silicon 800 dia. x 300
CE1/CE2(1) | FusedSilica 1 dia. (body) x 2000 o . =12GPa
Fibers/Ribbons
CE2(2) Silicon 2000x5x0.5 O nax = 400 MPa

10:1 ratlo between W and H

» b
W
-
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uco Blade model @

e Find realistic dimensions for the blades . ¢ } e
e Blade = simple cantilever beam with end mass =S @@
e 2DOFsmodel (PUM+TM) [ Lol
e Unknowns: Length (L), width (W) and thickness (H) G @.@)
e Hassmall as possible q[\ "‘T AL
p : ) j é’

Requirement#l:0<0_

Maximum stress in cantilever beam: 6FL Courtesy of K. Arai

FLH  6FL > H 2z (3=
o = = max
21 WH?2
- J
g . N
o <
Requirement #2:0 <@ . > ﬂ( p—2km 2)
. . .. H<LL
First resonance frequency (blade weight negligible): . EW[ﬂ( m+my— 2m1m2k1) ]
) k2m1+k1m2+k2m2+\/(k2m1+k1m2+k2m2)2—4m1m2k1k2 with f=2m m w?>
- = 12

S 2m My )
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%0 Blade model

e Two equations, three unknowns
TM diameter up to 800mm. Fix blade length at 410mm

CE1/CE2(1) CE2(2)
Young’s Modulus 72.7 GPa 155 GPa
TM weight 320 kg
Bounce frequency 3Hz
Maximum stress 800 MPa 400 MPa
PUM weight 400 kg
Top bl s
Length 410 mm
Width 135 mm
Thickness 5.50 mm 7.25 mm

Thickness H [mm]

Thickness H [mm)]

» b
e
-

2ﬁ( B— 2k m 2)

6FL WL
Wo, FAW= EW[A(

m,+ m2—2m1m2k1)]

i CE1/CE2a
X274 .._f1
hlv 29.68
weiEiie ] B _f2
10F 3
1 - -
1 10 100 1000 10000
Width W [mm]
5 CE2b
10 T T T
._f1
_f2
1L | X 99.4 |
10 LY 6.9681
100 b 1 1 1
10° 10° 102 103 10*
Width W [mm] 12



%0 Blade model

e Two equations, three unknowns
e TMdiameter up to 800mm. Fix blade length at 410mm

CE1/CE2(1) CE2(2)
Young’s Modulus 72.7 GPa 155 GPa
TM weight 320 kg
Bounce frequency 3Hz

e Stringent dimension requirement with CE2(2)

e More freedom with CE1/CE2(1). Chose
dimensions that seem reasonable (can be

improved)
(&
Length 410 mm
Width 135 mm
Thickness 5.50 mm 7.25 mm

100

£ (W) =

19 -
\@ﬁ(

2ﬁ( B— 2k m 2)

6FL WL
Wo, FAW= EW[A(

CE1/CE2a

m,+ m2—2m1m2k1)]

10

T

Thickness H [mm)]

10

100 1000
Width W [mm]
CE2b

10000

102

Thickness H [mm]

100_

Y 6.968
-®

10°

10’

102 108
Width W [mm]

10*
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%0 Concept #1

blade

blade
clamp

prism

CAD done in SolidWorks

Blade width: 135 — 10 mm at the tip
Assuming lossless bonds

Flat clamps for now

SSTL wires attached to prism

14



%0 Concept #1

e Parasolid imported in ANSYS APDL
e Loads: SSTL wires clamped at the top, gravity

CE1/CE2(1) CE2(2)
Max stress in blade 687 MPa 287 MPa
Bounce freq. 1.36 Hz 3.46 Hz
First violin mode freq. 204Hz 99Hz

concepts

e Roughagreement between theory and FEA
e Blade’s dimension validated to start exploring different

5555555555555555555555555555555555555555
.346E+08 .976E+08 .161E+09 .224E+09

Von Mises stress

:

Displacement vector sum

15



%0 Concepts @

e Alot of designs considered...




%0 The one we like

e Two-parts PUM bonded together

e 4 springbladesinthe middle section

point

mass

penultimate ¥
mass

40 kg ,te;tt én”?i; ‘}3

Ei m test mass

“‘ ’

penultimate mass [
. . B =
with blade springs

320 kg,
Y 70cm @

40m

to

20m

tal

|
Advanced LIGO

Cosmic Explorer

From[1]

17



%0 Conclusion @

e Proposed design heavily inspired from the Advanced LIGO suspension

e Thisisjust a concept! A lot of elements still need to be studied (upper stages, bonds, blade
clamps, etc.)

e Usingsilicon put stringent requirements on the suspension design, but might be doable

e Moreideas still to be explored (i.e. Euler springs [18] with MIT/UCLouvain)

Thank you

18
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“lGo CE1/CE2a ‘ S







LiGo Sapphire?

6L L
Womax

fiW) =

26(8 — 2kymo)

(W) = L\/EW[ﬁ(m1 + my — 2mymoky)]

Young Modulus | 400 GPa

Tensile Strength | 400 MPa

Worse than silicon!

Thickness H [mm]

CE2

102

\—f1: silicon and sapphire

—fz: silicon
f2: sapphire
101 -
10° ‘ ' ‘
10° 10° 102 10°
Width W [mm]
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uGo Maximum stress equation £

_ wh?
I'= 12 ENRtE e,
_ 3El EWH® V—‘
k=TT
FLH  6FL L
7T 20 T wh?
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Lico 2DOF eigenvalues &

—kixy + ka(x; — %) = myXy Boots
.. k,my + kym, + kom, — o/ (komy + kym, + komy)2 — dmymy ki k
_kz(xz _xl) P m2x2 xl — wlz — 2450, 15962 24062, \/( 2.0k, q11e2 2 2) q e av] v 2
2mym,
2 _
—myw?xy + xq(ky + k) — kpx, =0 L komy + kymy + komy + (kgmy + kymg + kymy)? — dmgmakik,
x2 = (1)2 =

2mym
_m2w2x2 + k2X2 - kle = 0 G

Requirement

Wy < ZTL'fb
_mlwz + kl + k2 _k2 x1 _
_kz _msz + k2 [XZ] - Let’s define a = k2m1 + klmz + kzmz and ﬁ = 2m1m2(2ﬂfb)2 :
[ 2 —
Find eigenvalues: w,? = 2ty — dmmylak, < (2nfy)?

2mym,

—-myw?+ky+k —k
P T AL T i -
—k, —m,w? + k, a? —dmmykik, <f—«a
a? —Amymykik, < [B—al?> = B2 + a? — 2ap

—4mymyk.k, < p? — 2a
(—maw? + kg + ko) (—myw? + ky) — ky? = 0 il < 7 = 2ap
—4mymyk,k, + 2af < p?
m1m2w4_m1k2w2 - k1m2w2 + klkz - kzmz(l)z =0
4 5 _4m1m2k1k2 + Zﬁ(kzml + klmz + kzmz) S ﬁZ

mimyw”* + w*(—=k,my —kym, —k,m,) + kik, =0

! 2 ( 2 ! ! 2 2 2) e k2 [_4m1m2k1 + Zﬁml + Zﬁmz] S 62 = Zﬂklmz
Let’s define x = w?

mymyx? + x(—k,m; — kym, — k,m,) + kik, =0 (polynomial second order)

A= (—kymy — kymy — kym,)? — dAmymykik, 26



uico 2DOF eigenvalues RV

We know that
_ 3El EWH?3
273 T 413

EWH?3

VTl [—4mymyk, + 2Bm, + 2m,] < B? — 2Bk m,

413
H3[—4mym,ky + 2pmy + 2m,] < (B2 — zﬁklmZ)W

213
H3[-2mymyky + fmy + fm,] < (B2 — Zﬁkﬂnz)m

If B(my + m,) — 2mymyk; = 0:

8 2B(B — 2kym,)
H=L jEW[ﬂ("h +my) — 2mymyk;]

If B(my + m,) — 2mymyk, < 0:

H>L 2 2B(B — 2kymy,)
EW[B(my +my) — 2mym,k,]
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