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Multi-Material HR Coatings

e Multimaterial coatings for GW detectors were introduced in:

Steinlechner et al., PRD 91 (2015) 042001
Yam et al., PRD 91 (2015) 042002

in the perspective of using an optically dense(r) but lossy material featuring low(er) mech-
anical losses compared to mainstream materials (Silica and Ti::Tantala) in the “deep” lay-
ers of the coating, where the field is suitably weak.

® The concept has been subsequently (b) Air ”

elaborated following several directions = Sio,
[Craig et al., PRL 122 (2019) 231102]. 3 Ta,0.
® The idea of using more than two mate- § 1- 25}
rials is gaining momentum, in view of = o

the development of new improved coat- -1000 0 1000 3000 5000

ing materials, including aSi [Birney et al. Position [nm]

PRL 121 (2018) 191101}, SiOx [Gras et al., LIGO-G1901619], Silicon Nitrides [Chao et
al.,, LIGO-G192341], GeO, [Vajente et al., OWG] .

® In this communication we explore an alternative multimaterial coating design option
based on stacked (Bragg) triplets (or more generally m-tuplets).



Larruquert Rule

For building HR stacked multiplet coatings using lossy materials :

“The materials (in each m-tuplet) should be chosen so as to move clockwise in the
complex refraction-index plane when going from the top to the bottom layer”

[J. Larruquert, JOSA A18 (2001) 2617, J. Larruquert, JOSA A21 (2004) 1750]

’ Consider, e.g., stacked-triplet coatings, using
Silica, Tantala and a-Silicon.

K
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N+ triplets

» Let the optical thicknesses s[aSi],
and s[Ta,0c] and the number Ny
of triplets the design parameters;

e Assume all triplets as HWL. Hence
s[Si0,] = 0.5 — (s[aSi]+ s[Ta,05]).

nlaSi] = 343 —i1.2-10™° @10k
n[Si0,] = 1.44 — 40 @1550nm
n[Ta,05] =2.08 —4i8.0-107°




Larruquert Rule lllustrated . 15-Triplets Coating Transmittance
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Stacked-Triplet HR Coating Design Test-Run

Design goals (ET-LF like): Tp = 5ppm, Mpaex = 5 ppm

Reference design: HWL-doublets
Tantala(3)/Silica(m)

QWL-layers
(with HWL-thick SiO, cap added on top)

/ Material Parameters:

-5
(12+0.2)-10°@15500m 147

3.48
(1.7 +0.1) - 10"*@1064nm

2.05 0.008-10°° 140 7.8-104
1.44 0 7 85107

.

1.7-107°

\

e 1k ¥ePa | $@I0K

J
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Stacked-triplets design: HWL-triplets

Tantala(3)/Silica(@)/Silicon ()
(or cyclic permutations thereof)

non-QWL layers
(with HWL-thick SiO, cap added on top)

|
17 doublets, 7p = 4.558 ppm

6(; = 15.948
;= 0.22 ppm

J

|
Ny triplets, Tp = 5 ppm
$c =?

n; < S5ppm



Stacked-Triplet Design — Fixed Nt , Fixed Material Sequence

Sequence: Tantala, Silica, Silicon; Ny= 15

Iso-Transmittance Contours Iso-Absorbance Contours Loss—-Angle Reduction Factor
0.25F T g 0.25F B U & 0.25Fanny - - - ¢
0.20} o0t . / /|I\W\ | oz0of

g 0-15 go15 & 0-15;
= 0.10¢ = 0.10 o =0.10
0.05¢} 0.05 e _'7' 774 iy 0.05-\
0.00k Tp = 3(1)10 ppm] 0.00L" o= 1(1)10ppm 0.00L )
0.00 005 010 0.15 0.20 0.25 0.00 005 0.10 015 0.20 0.25 0.00 0.05 010 015 020 025
s[aSi] s[aSi] s[aSi]

Loss-Angle Reduction Factor

m==) Mininimum-noise design 0.25f 1026
0.950
0.20; 0.874
. 0.798
g 0-15 0.722
& 0.646
|_
= 0.10 0.570
N 0.494
0.05} Ry : 1 Boss
‘ S
0 00 l: ;7::::8“::“ Sr':l?nlmum n0|se solutlon 0342 "’M
0.00 005 010 0.15 020 025 ‘ig,
s[aSi]
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Stacked-Triplet Design Algorithm (prescribed z, and )

For all admissible (clockwise in complex index plane) Larruguert material sequences,
While NT < Nref ,

e draw the 7p = 7,(") contour O in the domain D
0 < s[aSi] < 0.25 X 0<s[Ta,05] <0.25;

® in the same domain draw the m; = m,,,, contour bound-
ing the admissible region A where ;< T 0x;

e draw the constant — ¢ contours in D;

e identify the (s[aSi], s[Ta,05]) point on ® N A
for which R¢ iSs minimum;

End while; - :
Select the Ny for which Ry is minimum; see previous slide

End for;

Select the sequence for which Ry is minimum. '

W 0.
O



Optimum Stacked Triplet Design with tp = 5ppm, ,,,,, = S5ppm

Noise (coating loss-angle) reduction factor Ry, (smaller is better)

N -

mater. seq. 10 11 12 13 14 15 16 17
{aSi,Ti::Ta,;0s,Si0,} no sol. .406 413

{Ti::Ta,0s,5i0,,aSi} | mnosol no sol. 469 482
{Si0,,aSi,Ti::Ta;0s} | nosol no sol. no sol. no sol. no sol. no sol. .584 591

Loss-Angle Reduction Factor

... best Ny = smallest N for which target p is attained

0.25F,

0.15¢

s[TayOs]

0.05¢

0.00

2:\Sppm absorbance
\Sppm transmittance

(N7=11, {aSi, Ta,0;, Si0,})

0.00

0.05

0.10

0:15

s[aSi]

0.20

0.25

0.7424
0.6728
0.6032
0.5336
0.4640
0.3944
0.3248
0.2552

Best stacked-triplet design:
sequence: Silicon, Ti::Tantala, Silica,
Nt = 11, { s[aSi], s[Ta205], s[Si02] } =
= {0.1698, 0.1550, 0.1752 }
Tp = Sppm ; m, = 4.65 ppm ;
Ry= 0.406

..how does this compare to best
SY-ternary coating ?..



SY Ternary-Coatings in a Nutshell

Steinlechner et al., PRD 91 (2015) 042001

First proposed/analysed in { Yam et al., PRD 91 (2015) 042002

HWL Npo¢ doublets
cap \

BN
cSi B T5,0;
O sio,

!
Niop doublets

Luwi(Howr Lows)"toP(H' gwr Lowr)Vbet

==) Confirmed to be the optimal design (lowest thermal noise for 7p < 7,.f under

a prescribed maximum absorbance constraint) among all ternary (aSi, Ta,0., SiO.,)
multilayers consisting of QWL-thick layers, by exhaustive search [Pierro et al., 2020] .



SY-Coatings References

Steinlechner et al., PRD 91 (2015) 042001

Yam et al., PRD 91 (2015) 042002

Steinlechner and Martin, PRD 93 (2016) 102001
Steinlechner et al. PRD 96 (2017) 022007
Steinlechner et al., Phil. Trans. A376 (2018) 20170282
Pan et al., PRD 98 (2018) 102001

Byrney et al., PRL 121 (2018) 191101

Craig et al., PRL 122 (2019) 231102
Tait et al., LIGO-P1900002
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SY-Coatings Transmittance [ppm] vs. (N;op, Npot)

O 0 N Ok W N R O

12
123
14
15
16
17
18
19
20

N bot
0 1 2 3 a 3 6 7 s =) 10 11 12 13 14
ge9l112, 185947, 355874 eIAY 113D W6 IS 40 13,9419 §.8e602  7.9713%8  7.61%7 7.78%91  7.Blel  n.7eels  7.779%9
430286, 933385 172174 385951 543.094 959184 20.6R13 67984 436599 39379 3.BA12 3.B479 3.BASS 3B4S4 3.B4%@6
235318, 461233 8289.57  1467.68  26R.452  47.5241  9.98@21 37459 2.20857  2.m@305  1.96683  l.9e@d4 195932  1.95912  1.95908
1285%.  22377.6 398l @387 14957 22.8943 4944 L7339 LM Le6B Lesese  1.6558 1.85526 L.8sS17 L.AsSIS
59639.6  18785.6 191854 337515 6@.0R87  11.BE03  2.46662  0.947077  0.679218  0.632007  @.623686  0.62222  0.021961  @.62101F  @.621997
29065.6 518558 916,273 161898 28.8782  5.43117 L2985 @.570188  0.441726  @.419898  0.41511  0.414487  0.414283  B.414261  0.414257
149378 488,87 439381 7716 13,9573 71929 @.738%43  0.38943 0327898 0.317@53  8.315141  0.314804 0314745 031473 0.314732
675382 119378 218.731 373852 6.5058 1.41951  @.47016  0.302833  0.273341  @.268143  0.267227  0.267066  9.267037  B.267032  0.267831
342,48 572462 101123 18825l 3Bl @.79eh4l  @.341526 0261328 0.247193  0.244732  B.244260 0244185  0.24171 0. 244169  0,244109
1595.52 274,532 48,5847 875549 L.73529  0.497958  @.279673  @.241435  0.23466  0.233466  0.23356  0.233219  0.23322 .3 1 92331
745,962 1BL86  1B3.4027 431261 0.947892  0.354B49  0.250324  B.231991  0.228653  @.228881 0.22798  0.227962  @.227959  @.2279%9  @.2279%9
B8 63243 113329 2.18318  0.570498  0.286250  @.236161  @.227331 025774 0.22%5 0.225452 0225443 0.25440  @.205441  0.225441
171583 304288 554795 L1656 @.389617  0.253334 0229373 B.22514  @.224395  @.224263  0.2424 024236 0.2423F 8.2 0.2042%
82,3577 147085 277526 0.673385  @8.302013  @.237628  @.226119  @.224R91  0.213733  0.22367  B.2236%9  @.223657  @.223657  @.223657  @.2236%7
39.5982  7.16202 L4634 043893  @.261371  0.230876  0.22456  B.223588  0.223416  0.223386  @.223381 022338 02233 0.2338  0.203%
19.0916  3.54887  0.009399  0.326558  0.24145%6  0.226456  0.223612 022336 0213264 022305 82317 025347 8223147 .23 0.253M7
9.26663  L.BI712  B.58412  @.272699 @.23191 0224721 0223454 828331 0.253191  0.23185  0.23183  0.23183  0.23183  8.223183  0.223183
4,5576 0.987112  0.357883  0.24RB85 @.227335  @.22389  @.223280  @.223105 023157 R.223153  @.223153 @.23153  @.223153  @.2:3153 4.233153
23806 0589296 0.267674 0.34513  0.25143  0.213491 02232 B.23149  0.2314 023138 02313 0.2B313  0.2313 82313 0.23138
1.21864  0.398627  0.254@63  0.228583  0.224092  0.2233 0.223161  8.223136  0.213132  9.223131  e.2313l a2 a3l a2l 8.2l
B.700359  0.307241 0.237953  Q.205741  @.213588  0.223289  0.223142 0.2313  0.2B3128 028138 825318 0.25318  0.2318 02318 0.213128
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SY-Coatings Transmittance [ppm] vs. (N;op, Npot)

O 0 N Ok W N R O
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DA TR 10LIB3 18.050 (337814 | 0.79541 NDMISZH  BNA138  WTe3 \0.2m72 6 a6l 0.244%5 171/ 0.44169  0.244168
155,50 A5 43587 G550 LTSN 049795 00T 0.4M3 00 0.MG 0035 0. /el aanul a0
MS06)  BLIB6 234007 431060 TCAOM8N) .39 025030 03100 0.28653 L2808 0.0790 .96/ e.009%  8.0759  0.207959
WOB BB ILBN LIBE B.SMIA.28259 G2l N2BLN\ L1705 | 80ss) pansal esa) a.nsMl 0.0
158 WA SSAT95  LI66  .380617  0.5PMRNAZOI 0.2 N5 0.0m5) enid o043 /0.0M35 0.4 02405
.57 147005 | L7706 RS 3093 0.037628  0.26TT~guas] . 5, : ), 203657
20,500 70600 1AM 0.43393  B.060371  0.03076 ULASH—3.200 Fixed —Npo; minimum —thickness ).21338
.00 TS L s s, designs yielding Tp < Sppm ). 233047
906663 LEUT1D  B.SM1Y AT 004720 02050 BOBBL 02311 0.23185  0.5183 0518 0I5B BB 0.2518

U 058 DMERES BT 0.8 0N GBS 0IB1S BIBIS BB 00313 0318 GBI 0.B15
T 0S89 08674 0.34503 0.05143 0.9 0.3 0.BM9 0B 02318 02318 02518 GIBLE 2.2B18 0.231%
LIBBIN. 0398627 0054063 028583 0.240%0 02233 0.2BL6l 0B1% 02BN 023531 023131 82BBL GIBBL BI85
700359 B3I 0.037953  0.25740 G058 02319 0.2B1 0.5 025318 0B 02518 0IBIB 025318 0.25318 0.2

N\
Reference Silica/Ti::Tantala-only SD design with Tp < 5ppm@1550nm | 1,




SY-Coatings ¢ Reduction Factor vs (N, Npo;)

o 0 N O 0k W N B O

=
o

12
13
14
15
16
17
18
19
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N bot

0 1 2 3 a 5 6 7 8 =) 10 11 12 13 14
0.0726143  0.1m9162  @.14571  0.182258  0.218806  0.2053%4  0.201902  0.32845  0.304998  0.401546  0.433004 0474642 001109 0.547739 0584287
8127166 0.163714  @.20@262 @.23p61  0.273358  @.309986  0.346455  0.363003  @.419%51  0.456@99  @.492647  @.529195  @.565743  @.602291  @.638830
0181719 0.218267  @.254815  0.291363  0.327911  0.3644%0  0.401007  0.4375%5  @.474183  @.51@e51  0.547199  0.583747  0.620295  0.656B43  @.693391
0.236271  0.272819  8.309367  0.345915  0.362463  0.419Q11  0.455559  0.492187  @.528655  @.565203  @.601751  0.638299  0.674847  @.711395  @.747943
0200823 0.327371  @.363919  0.400467  0.437015  0.473563  0.01B1I1  @.546650  @.583207  @.619755  0.656383  0.692851  0.720399  9.765947  4.80249%
0,345375  0.381923  @.418471  0.455019  0.491567  @.528115  B.564663  0.6R1211  @.637059  @.674307  0.710855  0.747483  0.783%51  0.820499  @.857047
0,399927  0.436475  0.473823  0.509571  0.546119  @.5B2667  0.619215  @.&55763  @.6092311  @.728859  @.765407  0.301955  @.838%03  @.875@51  @.911599
0.454479  0.491027  B.527575  0.564123  0.680671  8.637219  B.673767  0.710315  @.746863  @.783411  0.819959  0.856587  0.893A55  0.9296@3  @.966151
0.500031  0.545579  @.582127  @.R1B675  0.655223  @.6O1V7L  @.728319  0.7G4867  0.801415  0.83793  0.874511  @.911850  0.947687  0.984155  1.0267
0.563563  0.6M0131  @.636679  @.673227  @.709775 8746323 0.782871  @.B19419  @.855967  0.892515  @.929@63  @.965611  l.p@2l6  1.a3BV1  1.87526
@.618135  0.654683  @.691231  @.727779  0.764327  0.80@87%  0.837423  0.873971  0.91@519  0.947067  @.983615  l.e2ele  l.ese7l  1.@932e 1,120l
0.672687  0.7m9235  @.745783  @.782331  @.818679  @.85%427  0.891975  @.928524  @.965872  l.eale?  1.e3fly  Levdvz  Ll26 L4781 1.1843%
8.72724 0.763788  0.800336  6.8306884  0.573432  0.00998  0.946528  @.083076  l.el9e2  1.@5el7  1.8m272 112927 1.1eSE2 L2823 123801
8.781792  0.61834  0.654B88  0.891436  0.927984  @.964537 l.peles  l.eaves  L1.e748 L1672 L1y LIGar  1.22837  1.25692  1.29346
0.536344  0.872892  @.99944  0.945988  0.982536  1.e19@8  1.e8Se3  l.ee2ls L1873 L.IeS28 L.agl&r 123837 LA 131147 1.34a@2
0.899896  0.927444  @.963092 l.eeesd  l.ea7es  L.eve4  1IIe18 114673 LIB3ad L2196 L.2%e38 129292 132047 1.3ee@2  1.48257
0.945448  0.981996  1.els54  1.e55@9  l.eoled  L.12819  L.led7d4  L2@128  L.23783 L7438 131893 L4748 1.3G4e2 L4571 145712
L. Less  Lenl 1.19sd 114619 L1274  L.21929  1.25684  1.2923F  1.32893  1.36%48  L.4@2e3 14388 L4512 LLSLIE7
1.85455 1.8911 112765 1.1642 Laerd L1379 127384 131839 1.34694 138348 1.42083  1.45656 1.49313  1.52968  1.56622
11091 114565 1182 LA 12553 129184 1.32839  L1.3e404  1.4p149  l.438m4 147458 1SII13 14768 L.SB43 L.e2@78
1.16366 1.2002 L6 L3 130985  1.3404 1.36294  1.41949  1.456B4  1.4925%9  L1.52914  L.56568  1.68223  1.63878  1.6753
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SY-Coatings ¢ Reduction Factor vs (N, Npo;)

o 0 N O 0k W N B O

=
o

12
13
14
15
16
17
18
19

20

Best (lowest-noise) SY-design with tp < 5ppm

N bot

0 1 2 3 a s 6 7 8 9 10 11 12 13 14
0.0726143  0.109162  @.14571  0.182250  0.21B806  0.2053%4  0.200902  0.32045  0.364998  0.401546  0.438004  @.474p42  0.51119  Q.547739  0.584287
8.127166  0.163714  0.200260 0.236B1  0.273358  0.309986  0.346455  0.383083 l@ 0.456899 || 0.492647 | 9.529195 | 0.565743 | 0.682291 | @.638839
0.181719  0.218267 @.254815 0.291363  @.327911  0.364450  0.401007  0.437555 0 ZA4lB3 QDS 047199 BGANAT 020295 @ochbB4d w0933l
0.236271  0.272819  0.309367  0.345015  0.382463  0.419911  0.459559  0.0tu107 /0.526555 0560203 QLETSL  @038299  @Ue7AB4T  S0.7LI9S /0.747943
0.290823  0.327371  0.363919  0.40e4e7  0.437015  @.473%63  0.510111 0583207  0.BL7S5  0.606303  FLG92B51  0.729399 4 0.76%947 0802495
B.345375  0.381923  @.418471  0.455019  @.491567  @.528115  @.56wp3 B.63775)  0.674307  0.T10B55  (A.747483 0783050 0.820489  .857047
0.399927  0.438475  @.473023  0.500571  @.546119 © @.582667  @.619215 0.69231L 0.728'59  0.)654@7 [ 0.801055/ 0.83%03  @.5/%51  @.911599
0454479 0.491027  @.52757% 0564123 O.GOBETL  B.6.719  0.673767 0746863 0.783 11  0.019959 | @.85650  0.803055 44.929683  @.966151
0.509931  0.545579  @.582127  0.618675 | 0.655223 . 691771, 0.728319 5.801415 | 0.837953  @.745110 @.911059  @047687/ 0.984155  1.0207
0.563563  0.600131  0.636679  0.673227 Q789775 BRI GNIB2ETL  @LG10419  G0859967 1 0.892505  0.9290,  @.9Es6LL Sl.ee2ls LAl 187526
B.618135  0.654683  @.601231 | @.72777CNNAL 764327 B.BORETSN 0.337611  /R.BT3RL  0.510519 0047067 003835 L2016 4 1.@%e7l 189326 112081
0.672687  0.709235  O.745783  0.782331  0.B188/9A.055427  0.631975 /N0.928524\ 0960872  lieelel.  1'e3dg w7y MINe L1478l 11843
8.7074 0.763788  0.800336  0.836B34  0.873432  0.909% 9.946527 0.902076 \1.019¢2  L.eel7y lewn  JLIN /L1682 120236 1.23891
0781792 0.81834  @.B5488C <o O.IDM26. 0927984 .964532 1.991&/ 1.63743 Coating loss-angle reduction factors Of
0.836344  0.872892 0.98944  0.945088  0.982536  1.91983 i.uj;,uj VIS . L33 ' iy ]
0,009 | 0,007 20060 kst o Ly the fixed —Npo; minimum —thickness
0.945448  0.981995  1.81854  1.ASSA0.iwfiToh 112819 1/16474 120128 designs yielding Tp < Sppm

*_ Labsy LT3l 110964  L.14619  1.18274 21929 L2584 LG Laaui Lo LEMr LEmen LANLD Lol

04 1.0911 L1765 11642 Lagd  L79 /L2738 131939 134694 138348 1.42803 1.45656  1.49313 L.52968  1.56622
11091 11455 L1182 120875 L2553 129164 / 132839 136494  1.40149  1.438M4 L4745 LSIMM3 154768 158423 L.6207B
1.16366 1.2082 L2367 L2773 130985 1.3464 138294 141949  1.4%6B4  1.49259 152914  L1.56%68  1.6@223 L6378 16753

/
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SY-Coatings Absorbance [ppm] vs. (N4, Npot)

O 0 N Ok W N R O

12
123
14
15
16
17
18
19
20

B
8.0969963
8.157852
8.130816
8. 2069
8.215264
8.219337
8.221383
8.222251
8.222766
8.222924
0.223028
8.223878
8.223182
8.223114
8.22311%
8.223122
8.223123
8.223124
8.223124
8.223124

1

5.97763

312759

1.65082

0.915819
0.557085
0.363642
0.300163
0.260072
0.240839
8.231616
0.227193
0.225075
0. 22400

0.223573
0.223339
0.223207
0.223174
0.223143
0.22313
8.22313

0.223127

2

1.44409

3.71666

1.98511

1.63163

8.610743
8409061
B.312234
8.26583%
8.243598
8.232938
8.227828
8.22537%
B.224285
8.223042
8.223373
8.223243
8.223181
8.223152
8.223138
8.223131
8.223127

3

1.72016

3.82236

1,94958

185691

0.619947
0.413334
§.314294
0. 2606622
0. 244068
8.233163
8.227936
0.22543

§.22423

0.223654
0.223378
0.223246
8.223183
8.223152
0.223138
8.223131
0.223128

a

1.76%4
3.54105
1.9574
16544
8.621561
0414894
0.314655
0266994
0.244151
0.233202
8.2279%5
0.22544
0.224234
0.2236%
0.223379
0.223047
0.223183
0.223153
0.223138
8.223131
0.223128

5

1.7781

3.04434
1.95878
1.03502
8.621845
B.414228
8.314718
8.267625
8. 244165
8.233269
8.227958
8.225441
B.224233
8.223657
8.22338
8.223247
8.223183
8.223153
8.223138
8.223131
8.223128

Nbot

(S

1.77963
3.04432
1.95983
1.85513
8.621895
0.414251
8.31473
0.26703
0.244168
§.2332
8.227959
0.225441
0.224233
0.223657
0.22338
0.22347
8.223183
8.223153
8.223138
8.223131
0.223128

7

1.77%9
3.04503
1.95967
1.83515
9.621904
8.414255
8.314732
8.267631
9.244168
8.233211
8.227939
9.225441
8.224235
9.223657
8.22338
9.23247
9.223183
8.223153
8.223138
8.223131
8.223128

3

7.779%
3.04504
1.95988
1.63515
8621965
B.41425
8.314732
8.267831
8. 244168
8.233211
8.22795%
9.225441
B.224233
8.223657
8.22338
8.223247
8.223153
8.223153
8.223138
8.223131
8.223128

o

1.779%

304505

1.95983

185515

8.621966
0.41425
0.314732
8.267031
0.244168
f.233211
8.227959
0.225441
0.224235
0.223657
0.22338

0.22347
0.223183
8.223153
0.223138
8.223131
0.223128

10

1.779%

3.4505

1.95968

1.83515

9.621906
8.414256
8.314732
8.267631
9.244168
8.233211
8.227939
9.225441
9.224235
9.223657
8.22338

9.23247
8.223183
8.223153
8.223138
8.223131
8.223128

11

1.779%
3.04585
1.95988
1.63315
8.621966
B.41425
8.314732
8.267831
8. 244168
8.233211
8.22795%
9.225441
B.224233
8.223657
8.22338
8.223247
8.223153
8.223153
8.223138
8.223131
8.223128

12

1.779%

304505

1.95983

185515

8.621966
0.41425
0.314732
8.267031
0.244168
f.233211
8.227959
0.225441
0.224235
0.223657
0.22338

0.22347
0.223183
8.223153
0.223138
8.223131
0.223128

13

1.779%

3.84505

1.95908

1.83515

9.621966
8.414256
8.314732
8.267631
9.244168
8.233211
8.227939
9.225441
8.224235
8.223657
8.22338

8.22347
9.223183
8.223153
8.223138
8.223131
8.223128

14

1.779%
3.04585
1.95988
1.63315
8.621966
B.41425
8.314732
8.267831
8. 244168
8.233211
8.22795%
9.225441
B.224233
8.223657
8.22338
8.223247
8.223153
8.223153
8.223138
8.223131
8.223128
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SY-Coatings Absorbance [ppm] vs. (N4, Npot)

N bot
0 1 2 3 a 5 6 7 s o 10 11 12 13 14
(] 5.97768  7.44489 772816 7.76W4 7.7781 1.779%3 7,779 7070995 7077996 777996 77799 7.779%6  7.779%6  7.77996

0.0969963  3.12759 371666 3.82236  3.34105 304434 33492 354503 | 3.34504 © .BA505  G.BASES  3.B45B5  G.BASBS  .B4OBS 334585
B.157862  1.e5862  L.9@511 194956  L.9v74  LOSGE 195983 L9G967  L9%9e6 195908 L9598 1.9%9A6  1.9%9R8  1.9%9A8  1.9596%
B.1%9016 ~ 0.915819  1.031e3  L.esedl  L.es44  Lessez  Lessl3  LesSls  Lessly o Lessly  L.eesls  Lessly  LeSSsly  L.eesly  L.essls
8. 2069 055708  0.616748  0.619947  Q.621%61  0.621845  0.621895  0.62194  0.621965 @ 0.621986  0.6219B6  0.621906  0.621906  @.621986  @.621906
B.215264  0.383642 0409001  0.413334  0.414094  0.414228  0.414231  0.41425  0.4142%6  0.4142%  0.4142%  0.4142%6  0.4142%  0.4142%6  0.41425
0.219337  0.300163  0.31223  0.314294  0.3146%5 @418 031473 QL4 QG470 Q14732 el L4l 043 LT .al47A
9.221385  0.260472  @.265839  0.206022  0.266994  @.267825  0.20703  @.267@31  @.207931 @ @.207@31  @.207031  @.267831  0.267031 @ 0.267@31  @.267831
0.22051  0.240839 0243398  0.244060  0.244151  0.244165  0.244168  0.244168  0.244168  0.244163  0.244163  0.244160  0.244163  0.244163  0.244168
a, B.222706  0.231616  @.232938  0.233163  @.233202  0.233289  0.23321 .32l .83l e.sRll  easnll ekl o esnll o aasnll o ekl
S 0.222924 @.2271%5  @.227828 0227936 @.279%5  @.217958  0.207%%9  0.217%%9  @.207%%9  @.2279%9  e.2079%9 227959 227959 .227esd @.2279%9
=B 0.223028  0.25075  @.2537%  B.2543 .25 Q.25 0.25M1 0.4 0.2541 0 0.2 .24 0.1541  0.2541 0254l 0.2254]
12 023078  0.22406  8.224205 022423 0.224234  0.224235  0.22423%  0.224235  0.22423%  0.224235  @.22423%  0.224235  Q.124235  Q.24235 0.22423
12 0.223182  8.223573  @.223640  B.2236%4  0.2036%6  @.213657  0.223657  @.213657  @.223657  @.223657  @.223657  @.223657  @.223657  0.223657  @.223657
14 B.223114 0223330 @233 2338 @.223379 2133 02338 0.2133  8.2133 0 6.2233  0.2133 0.2133 0.3 02133 0.22338
15 023119  0.223207 @253 0236 0.205M7  B.215347  0.223147  0.25247 Q.23 0 0.223247  e.22n47 0.1 .22R4T .41 0.2
16 0223122 0223174 @.223181 0223183 @.23183  @.213183  0.223183  @.213183  @.223183  @.223183 223183 @.223183  @.223183  0.223183  @.223183
17 023123 @.25148  B.23157  B.28157  @.21153 .13 .21 R.aBl 6.23315 0 6.21 .21 6.1 62331 Rl .233153
18 0223124 0213136 8.28313%  0.2B138  0.28138  0.21513%  0.23138 028138 0283138 0253138 e.2313 02513 025318 0223138 0.22313
19 0.23124  0.2313  B.28131  B.2B11 .21 B.aB1l 628311 e.anBll 628l 625311 62311 6.5l 62181 Rl e.233lEl
20 0.23124 02117 8.2B17 82618 62818 8.2B1H 028318 e.2B1l 02818 025318 .23 051 0253138 023128 0.223128

o 0 N o 0k W N B O

[y
Q

SY-designs purple-circled have ; < 5 ppm ; minimum-noise design has 7; = 3.48ppm
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Thickness-Optimized SY-Coatings

HWL Nyt doublets
cap A

B aSi
B T30
] sio,

¥ cSi
N¢op doublets

Lywi(Howr Lowr) VP (H' gy Lowr) Vet

mmm) Optimum design for 7, < 5ppm, P, < 5 ppmis Ny=1, N,= 8,

featuring 7p = 4.36 ppm, P, = 3.84 ppm, Ry = 0.419.

mmm) Explore thickness optimized version:
Top stack: 6y =0.25+¢,6; =0.25—-¢&,8 € (0,0.25)
Bottom Stack: 6y, = 0.25+ 1,6, = 0.25—n, n € (0,0.25)
(increasing ¢ and/or n will decrease thermal noise)

Pick up (¢, n) yielding minimum noise and acceptable loss, for some

candidate {N , Npot,}, keeping Tp at the design value
top bot
17



Thickness Optimized SY-Coatings, contd.

5 6 7 8 9 10 11 12 13 14
1 - 379 | .381
2 - 383 | .367 |[.364 ]| .365
3 446 | .400 | 390 | .387 | 386 | .387 | .389
4 446 | .428 | 421 | 419 | 417 | 417 | .418 | .419
5 - 472 | 460 | .455 | .452 | 451 | .451 | .451 | .452
6 525 | .503 | .494 | .490 | .487 | .486 | .486 | .486 | .487
e The QWL (1,8) SY-design features a coating |
loss-angle reduction factor (compared to the I cal diiocd il
reference 17-doublets design) R,=0.419. D
e A few thickness-optimized designs (high- 0201
lighted in cyan in the Table) can do better on o15lE _
the first decimal figure (improvements atthe _ = —
level of the 2nd decimal figure and beyond 0_10
would be likely spoiled by deposition errors). =
e The best thickness-optimized SY-design has %%~ ]
(Niop=2, Npor=0), (=0.0475,n=0.1079) g w2 Mr

with a noise reduction factor R¢=O.364.

000 005 0.0

Noise PSD (coating loss-angle) reduction factor R, thickness-optimized SY-Coatings:

0.476

0.434

0.392

0.350

0.308

0.266

0.224

0.182
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Conclusions

Stacked-triplet coatings based, e.g., on Silica, (Ti::)Tantala and aSilicon are
easily designed;

Generalization to more than 3 materials is straightforward in principle, in
view of Larruquert rule;

At 1550nm and 10K a stacked-triplet aSilicon/Ti::Tantala/Silica coating
with T7p = 5 ppm has a coating loss angle (noise PSD) smaller by a factor
Ry = 0.406 compared to the reference 5 ppm Silica/Ti::Tantala design,

slightly better compared to the best SY-coating (Rg = 0.419), with an
absorbance of 4.65ppm (vs 3.85ppm for the SY-design);

Thickness-optimization improves the performance of SY-ternary coatings;
for the ET-LF like case considered here the coating noise PSD reduction
factor Ry drops from 0.419 to 0.368;

Further analysis/comparison, in terms of, e.g., spectral response flatness, ro-
bustness vs. deposition tolerances, coating stress distribution etc. is in order;

Whole new world of options (triplet/doublet and multiplet compounds) !
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Questions/Comments Welcome !
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