LIGO  \jirror profile and intracavity field profile
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LIGO Mirror surface aberration,
reflected field and intracavity field

E,, =E, exp(iot —ikz)-exp(2ikf (x,y))
= E,., exp(iot — ikz)(1 - 2(kf)*) + E,,, exp(iwt — ikz)i2 kf

\ I

f,y)= Z Ay SIN(LO X+NOYV+Q, ) dF Cavity field ’lOSS
dF = Efekaa oy (€XPID ) —exp(iD,,, ) o2 _M
nx,ny A Z
dW = || dxdy|E) 4k - dx
Small size aberration > J -[ y’ ’ f dF <> dF™
4ro ® [ Reflected
0
=Ly ( P j 5 i field

* Periodical aberration scatters to a fixed angle f(x,y)
6 ~ n\/ o'+’ /k~n-Ala, dx=L,,-6~L, -Ala Mirror surface aberration

* Small size aberration scatters back spherically
loss = (1— (mirror size / cavity length)®)sdW
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LIGO Measured mirror profile
and intracavity field

> 1mm <2 x 10“%rad, Intracavity fields and near the edge of mirror,
Phase map <1m at 4km  cavity modea

1um ~ a few ~ large angle  Characterization of continuous structure, field
PSD, RMS,  mm by PMM, scattered out to large angle

BRDF

+ phase map
Intearati fraction of mm > 5 degree Total scattering to almost all angle, effects of
Sr;ﬁg:g ke non contiguous (point) structures captured.

Near backward is covered by others.

COC muirror data (characteristics of mirror) +
appr. Maxwell eq. with rigorous boundary cond.
= [FO observable
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Raw data of mirror profiles

Power (hm~2 * mm)
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ETM 04 R1 ©160 Z1-6 Removed

(1) Surface after polishing by ASML
Aperture size 160mm
RMS =0.1732nm, PV=1.611nm

1

-0.10-0.05 0.00 005 0.10

(3) Surface after polishing measured by
PMM(phase measuring microscope)
with magnification of 50.

0.25mm x 0.25mm square near center.
RMS = 0.099nm, PV=0.768nm

(2) Surface after multilayer coating by ison spattering
Aperture160mm
RMS =0.563nm, PV=4.436nm

ETMO04 HR TIS measurement (o,,,,,= 0.3mm, Step=1.0mm)  (ppm)
80
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(4) Reflectance measured by an integrating sphere
with the scattering angle larger than 1°. The size of the
laser is 0.3mm, with spacing Tmm.

RMS using all data points is 98ppm. RMS is 20ppm after
excluding 15 points with reflectance > 1000ppm4



LIGO

aLIGO cavity scattering loss

by wavelength

Loss of intracavity field

Mirror surface profile
vs wavelength

Lossmgh(1 mm~3cm) Losslow(3cm~1 0Ocm)

PSD of aLIGO test masses I

1
T 15 T
i T T —T 1o T (03) } cos(r2pi/lam)
\ : : [ ?tfg,?m;f&j: rp ——cos(x2pi/lam) )
LLO ITMY (08) i —— (4 pi 1nm/1.064um)

. _L \
i 24ppm- Cieme il it

1 | -LLOETMX (07) |
il o ETHY 09 . ’ f:mm’

1 iLie it .
e bodsnnh : \ l‘ [drPsD,(f)- Loss(p)
i7 @

| wl |

- \ ‘ = | dfPSD,,,(f)- Loss, (/) —>23ppm
£ ‘ oo
< u
£ 4 + | dPSD,, (1) Loss, () > 24 ppm
\(; 1130
8 aro(f >1mm™) '
+ }'7 —1.4ppm
50 aer
0
0

N
1 N
50 00 150
wave length (mm)

Geometrical //J/J%m\l\qcm
acceptance \ A [Tew /
2.$—cm ‘}Kﬂl

Power (nm”™2 * mm)

Not so simple PSD

PSD Composite Plot  Source: PsdSet
Instruments: Figure, pmm2.5x, pmm50x,
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LIGO Far field structures

field PSD(B) # mirror PSD(f), const BRDF=wrong loss

(X,y,z=L) \ (x0,y0,z0=0) E(x,y,2)= %”dxo dy,E,(x,,Y, ,Z@@cos@ =F, +dF

P
\; Ax=x—x,,Ay=y—Y,,L=2—2,,k=21/A
E Ey< W
) p=\/Ax2+Ay2+L2,C089=£
é f P
- L >
21 AX® + Ay’ “+y,° :
dF(x,y,2) = deo dy, 2ikf (x,,y, ) exp(~ik . )eXp(—x‘)W—zyo) small aberration
0
21 | Cxex Aty
nw——e p(—ik > Y3 )Zlkﬂdxo dyy £ (xy 3 explik =2 Ly Y0) " Fresnel approx
0

Point source : dF = const BRDF = 27t dS / A? X true scattering

_JJA[f 1] [f—— e} [f—— e}dfdf

A : 2D amplitude spectral density, e~1/a few cm
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LIGO

Single propagation vs cavity field
Airy ring outside of mirror

dP/dQ/P

aLLIGO simulation :
single propagation vs

1ILIGO data by Valera resonating field around cavity

ETMX Scattered Power per Solid Angle Normalized by Circulated Power. Measured on Top of ITMX Cage 102
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LIGO Small anomaly induces
widespread tiny disturbance

2
dw (loss)= Y (47260) S, -P,

anomalies

*Disturbance of fields by a point
anomaly propagates out spherically
Intracavity field is affected entirely,
not partially
*Disturbance induced by a point

” anomaly is widespread weakly
*Difficult to measure the effect,
except for using the total loss
measurement
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LIGO
LMA coating on ETMs

® This is about the installed ETMs at
L1 and H1

@ State of the art coating is presented
in the talk by Laurent Pinard of LMA
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LIGO

Periodical structure on a mirror induces
reflected field into a cone with a fixed angle

ETMO7 map

/[ S~ AL IS;C m

/r’/_\“\

53icm

T1300354 by PF,HY

LIGO-G 1500262

Figure loss by
two mirrors | lemrih |
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O Detection of the scattering to cone
using test mass baffle PDs

ETMO9 map Field going to ITM

(=0)

66111 i= 14064]111’1 v (8mn174000m}*\

piral component

amot

&
~\

Real PD diameter is Y of ®)



Signature at L1 ITM baffle PDs

Cavity axis

beam offset
onIT™M

IT™

ETM

Center of ITM curvature

Center of ETM curvature

New beam axis

—PD1 yaw
- - -PD1 picth
PD2 yaw
F| - - - PD2 picth
—— PD3 yaw
- - -PDg picth

PD4 yaw

PD4 picth

Data (@ L1
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Distance of PD from center .c.qena March 17. 2015
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LIGO

Different backscattering noise?
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LIGO For the future ...
Polishing, not bad

aLIGO ITM/ETM Round trip loss and HOM
Polished map PSD in a symmetric FP cavity

Roundtrip loss vs beam size
1 T T
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LIGO Coating uniformity
some improvement wanted
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LIGO Coating limits
larger beam size configuration

® Larger optics can
accommodate |
larger beam size ol
e Polishing is good |
enough for that g
(solid lines) go
@ Polishing
uniformity can
limit that (two | — i g Sanah
dashed |ines) | | | | ':l'_':ﬁiigﬁlm: 8883282{!28382%
4 5 6 7 bearﬁsize 9 10 11 12
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LIGO Missing loss of 40ppm needs to be
well understood to discuss future IFO loss

Phasemap and Caltech/LMA ¢ alog13414 ETMY scattering

scattering loss measurements » Total : 36ppm
total round trip loss » Point scattering : 18ppm
41ppm =19 + 22
Soppm =14+ 24 ® alog13769 Best round trip loss
fi fi
10-4ppn 8.4ppm 85ppm
7'2@. _?_'?,ppm » Extra 30-40ppm, where???
em ® COC data + Model
o e » Round trip loss error < 14ppm
a%szrption absorption » |ntegrated scattering
4ppm
0.3ppm o Do — 7.5ppm by LMA
rough/point  rough/point — 9.3ppm by Caltech
faamon s » Zygo rms = loss(<1mm) < 1ppm
X arm TMO4 ETMO7 » PSD = loss(<bmm) < 1ppm
Y arm ITMO8 ETMO%iro Yamamoto LVC Pasadena March 17, 2015 17
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