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Abstract :evaluation of the scattered light noise possiblyegated by imperfect glass baffles.
1) Introduction

Installation of small aperture glass baffles inlihks between towers in order to protect
the vacuum pipes from scattered light raises thesiipn of the influence of these baffles
themselves on scattered light if those are imperteamperfectly installed.

Les us recall that scattered light noise (SLN) $&eond order process with respect to the
scattering rate. Any particular channel of SLN beddy emission of scattered light off a
mirror due to local roughness, a more or less cmaigd path involving specular reflections,
and a second scattering on a mirror (possibly éineesone). The spurious noise is caused by
the phase modulation undergone by the light at egftdction off an object linked to ground
and moving by seismic excitation, its modulatiomigegransmitted to the main beam after the
last scattering process.

We neglect third order scattering involving a rosginface on the path because firstly that
kind of surface is systematically hidden by thefleaf and secondly because even for
ordinary surfaces (stainless steel, glass or qtbat@ss a special treatment was done
(grating), the scattering rate is low.

We are thus in the present case faced with thriga elRannels of noise caused by the
presence of baffles linked to the ground :

- There exists on a given baffle a zone directlya@fhg the light scattered either by
the nearby mirror or the far one to the emitteisThay happen if there is some
splinter at the baffle surface caused by a shockdumanufacture or installation.

- Either the axis of the baffle is imperfectly aligheith the optical axis, or
equivalently, its inner edge is imperfectly manidaed, so that there is a zone on it
able to reflect scattered light from the far mitothe nearby one (and conversely)
under grazing incidence.

- Dynamical diffraction of the beam by the finite aridrating aperture of the baffle
We first recall the theoretical tools availablesaftl] and [2].
2) General considerations

If we consider a mirror illuminated by a TEMOO gsias mode, the light re-emitted has
two components : a specularly reflected TEMOO wawel, a scattered wave. The
incoming power is shared between the two, accorttirige roughness of the surface. In
Virgo-like mirrors, the power carried by the scegtbwave is fortunately very weak. If
the rough surface is viewed as a 2D random protesscattered wave is also a random
process, and at some locatignat a distanc® of the mirror, we have after diffraction, a



new random complex optical amplitudg(X) . It has been shown [1] that the relevant
guantity for scattering studies is the coherenoetion of the speckle at distanbe

C(D, % X)=($ (¥ %(”X)*>=2;Dz (ﬁ)ex'{_%( M)H(Z_DY('HGXL{ ,7@;;(} .

wherek =277/ A, wherew is the waist of the TEMOO beamthe scattering rate (a few
ppm). The scattered light is emitted under allaimns (€, ¢) with respect to the optical

axis, but we assume an isotropic distributio@inp(@)is the normalized distribution, in

the sense thaJEOm2 p(f)sin@dd =1. ¢ represents the integrated scattering losses.Hale s

assumees ~10 ppm. Direct measurements made at SMA/Lyohernpiast have suggested
that for angles between 1®d and 0.3 Rd (the two bounds for the presentlenobi.e.

the angles under which the inner edges of thedméfte seen from the farthest and nearest
mirror respectively), the distribution may be regmeted by the simple model

p(@) =kl&
where « is a normalisation constant such that, for 16 pptal losses, we havex ~10°.

3) Reflection in general

We consider now a reflecting element (spuriousonjrat distanceD, from a mirror
M. There is a sourcg (%) of scattered light at the surface of.Mt a distanceD, , the
diffracted wave iss; (V) . It is assumed reflected by the spurious mirraroted by
m(t, y) (the time dependance takes into account the mofitime mirror due to seismic
excitation). The reflected wave is then diffracéggin along distancB, and hits a
mirror M2 on which it gives rise to a new scattered way&) . The spurious effect comes
from the coupling of s,(2) with the main bean®,(z). The coupling coefficient is

simply the Hermitian product
y=(®,,s). yis a complex random process, and its varianceess [1]):

(=) =[mERn(t* € QXY € XY dxdx (2)

After the last scattering process, the optical lgoge re-emitted by the mirror Ms
A(t) = A Q@+ p(1)
The phase noise being given by:

A@t) = Im{p(t)]

In the case of a moving reflecting elemerthsthat its surface has a motion(t) , the
reflection operator is of the formm(t, X) = n(™ exp[ (gq) + 210 (1) co§)] whered is the
incidence angle angg an unkown phase. The coupling coefficient is tfegseof the form:
y(t) = yexp[i(g + Xdx t)cos?) |and consequentlyAg(t) = ysin[¢ + %Jx(t) cos?] .For a

small amplitude motion (compared to the wavelengiie) have at first order:
Ag(t) = 2k sing cos? yox € |, so that the GW amplitudb(t) producing the same phase is



_ A _ . OX(t)
h(t)—4n€Aqo(t) ycosd sing J

where/ is the length of the interferometer’s arms. i of spectral density, owing to the
unknown phaseg assumed randomly and uniformly distributed ove2rf) we get :

<yy*>1/2
2

so that the problem amounts to comthW*} in our various situations.

h(f)= cosd

A,
l

3) Back reflecting surface elements

In the case of a reflecting element facing a mjmee have D, =D, = D . The element’s
surface will be assumed having an axis of direc{@n3) and a mean curvature radigs
It is located atX, =(rz,0) so thatX =(r; + X,Y) (rg is in practice the inner radius of a
baffle) and the reflection operator is :
2 2
m(%) =\/T?exp{—2ilo (XcosB+ Y siff ¥ ikﬂ} “
r.C

where Ris the reflection coefficient. The element is sEfem the mirror under a direction
(a,=ry/D,B,=0). We have

£°p(6)’

(W)= 55w ROT",
with
= [[ dxdX'exp| 2ik @, - cos8 )X- X ) ex% “{%‘%j( X - Xz)} e{'&[” WXD_AX ﬂ
M= [[dvdyexp- 2ilr sing (v- Y} ex% i%%_%j( Y- Y)} ex{p_[ﬂ (WYD_—/IYJT

where the integrals are extended to the surfatieeoélement. For obtaining an order of
magnitude, it is convenient to assume a rectanghiape of the element (we expect the exact
shape of marginal importance), and we shall talié2< X, X'< a/2, -b/2<Y,Y's b/ 2.

After some algebra, these can be expressed as:

F':aZXZJl-exp{—(u lo '} ] cosp U)sintq ti @ u]) @ uPu (5.
0

I'":b2><2j exd— ulo ")2] cosp ti)sineq U @ u]) @udu (5.
0

With the following notation:

J'=/1—D, p'= 2ka(@,-a cosB ), q = k& (L/D- 1f
ravy,



AD .
o"'="—  p"=2&hxsinB, q= ki§ @/D- 1/
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It is clear that the maximum is reached when thentation and ROC of the spurious element
happens to match the diffused light, ie¢.=a,, £=0, r.=D, inwhich case, we have

simply (providedo',o "very large)l ' =a?, I "=b? and thusl"'T "= S* whereSis the area

of the element. Denoting'=a*F', I "=b*F", we get in generaly = ‘;21(302) RSV F F'. The

distribution at significant angles has been measuard is of the formp(6) = x/ 8%in the
angular region relevant here wikh~ 0.1. Now, the anglé is nothing buté=a,=a/D,
so that :

y="X RS/FF
27,

And finally

&K - OX( 1) \
h(f)—zﬁmé RSV F F . (6)

We have neglected here the factois? because in the cases of interest, the incidengle an
is nearly zero. For mirrors havild€ ppm scattering losses, ek ~107, and on site,

2
10 HZ} mA/ Hz, so that in the worst casE’lf” =1), we get even with

3x( f) ~10‘8{

a=0.3 m,R=1, S=10° m? and obviously/ =3000 m :

2
_ 25 12| 10 HZ S
ho(f) ~4%x10° Hz |: - :||:106m2:| (7

We have now to study the influence of the formdegE’,F” . We can for instance study the
situation when the collimation is not perfect. Assua perfect matchingc=D, a perfect
azimuthal orientatiop=0, and an approximate radial orientatiena,+da. We have two
cases :

- The case of a far (assume 3000 m) mirror.

The waist of the main beam is located inside tihg lcavity and aboutvg~6 mm. After
crossing the substrate viewed as a diverging lensnains almost unchanged. Obviously
the width of the beam is very different (about 6)cbhut we need only the Gaussian

divergence of the bea#}, = A/ 77w, . Then, with a=1mm and D=3000m, we get

0'=169 which is large compared to the integration ramgecan thus ignore the
Gaussian factor in the integrals (5.a,b), and we &xplicitly
1~ coq Xada)
F'=2 —, F"=1
(2kadar)




so thatF’ has a FWHM ofAa = 4/] x7.582. Fora= 1 mm, this gives an interval féxr of
71a

width about 0.6 mRd. Moreover, we see that increggsidoesn’t increase the noise, it only
decreases the range df.

- The case of a close mirror (s@y0.9m), then converselyr'= 0.05 is rather small, and the
Gaussian factor becomes predominant. The result loeusevertheless numerically

processed. We have a reduction factot/&f'F " ~ o'J7r ~ 0.09, with an angular width of
about 8 mRd.

The conclusion is that the maximum value is sigatifit, but unless severe collimation
conditions, the noise coming from the far mirrouspus light is negligible, and with less
severe collimation conditions, the noise comingyfrine close mirror spurious light is also
negligible.

See below the dependence of the spectral densitysadignment.
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h(f) equiv to SL noise at 10 Hz
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The next figure shows the weak dependence of thetisph density of noise on the ROC

of the reflecting element as soon as the lattlrger than a meter.
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4) Grazingreflection off inner edges

v

We consider a situation in which, due to misalignta a baffle, a piece of its inner edge is
able to directly reflect the light scattered by mmirM, to mirror My (and conversely) (see Fig.
above). The axis of the baffle is assumed makingreyte 1+ with the optical axis. In order to
retrieve the preceding situation of a mirror unggasi normal incidence, we consider the

reflecting surface as a plane mirror, and usinghie¢hod of images, we replace the grazing
incidence by a quasi-normal incidence of a virmakor orthogonal to the preceding, such

that the virtual incidence is now=u + 6 = 6;— u = (6;+62)/2. If now the baffle has not

exactly this dangerous attitude, it has an indamat/+Jdu and the virtual incidence is
a=(6;+6:)/2+du. The virtual mirror may be represented by

m(X) =/ Rexp| - 2ikzr X

where we have assumed, without loss of gener&l@yakis of the baffle in the®) plane X
representing the excursion relative to the certénevirtual mirror. We are back to the
preceding problem in a simplified version. The dmgcoefficient has a variance:

(w*)=[mAngR* € QXY € Pxx dxd

WhereD; andD; are the distances of the baffle to nearby andhienor respectively.
As in the preceding section, we take=(a+ X, Y), X

=1

(a+ X', Y"). We get thus
—_ 82 p(el) p(ez) 1 n
= TV 2R

() 4 D/D;
with

. o111 N§ . , k(1 1 )
M= [dxdx exp{E(D—f+D—§j(%(X— X)j }ex;{ |L{D11+Di2— 2:] (X- x% ex% E(EJrEzj( X - X )}

If we taker, /D, =6,,r,/D,=6,, we haver, /D, +r;/D,-2a = 20u, so that



1( 1 1)k 2 . k(1 1 )
r':jdXdX'ex{EKD_f+D_§j(% (X- X')j }exp{ 2k (X= X) ex% E[E+E]( X- X )}

2

and

F":dedYexpl:l{iz+—lzj(k—V\6 (Y- Y)ﬂ ex{ 5(—1+—1]( v- \?)}
2\ D7 DZ)\ 2 2D, D,

As in the preceding section, we consider the sarfategrals as being extended to the

rectangular zone-a/2< X, X's al2, -b/2<Y,Y's b/ 2. But @,b must be interpreted as

the projection of the actual reflecting surfaceoathie incoming/reflected beam, so thas
not the full widthw of the inner edge of the baffle, but its projectatleWsing.

After some algebra, this is as wéll=a’F', I "=b’F ", with
1

F=2[dxe™'"" cosp X)sinfq x @ X)) @ x) (8
0

1
Fr=2[dxe*'" sinfq "X (& x) & x) (8l
0

And the following notation:
J2AD,D, -
VENI mw,by| O + D

g

J2AD,D , (11 o T
—— pE2kay, q=——| O , QE——

the LSD of noise is now :

EK . (8,+8,)\0x(f) .
h(f)= RS/ F F'sin =—2 |——= 9
(0 2 2mr? ( 2 j 4 ©

An expression quite similar to (6) , except tha mhodulation factor iso{g—aj, a small

guantity due to grazing incidence. In the worsedgd" =1, R=1), we have

h.(f)~4x10% Hz‘l’z{lo HZ} [ S }sim (7

f 10°ny
If we study the form factor§’, F” , we see that those are dominated by the Gaussitor f
So that we have approximately = o'V7r(1-0 2 p?/4), F =0 \n

which gives an attenuation fact@=%£0.9m) of VF'F " ~ o'\~ 0.127, and a tolerance of
about 6 mRd fod. On the other hand, we have (we assume the oioser at 3m)
a ~ 0.05. Finally, we get the actual LSD of noise as

owqp?t gt 10HZIT S u Y
()81 2 { f Hw‘w“l(emm” e




This result shows that the preceding result vasishine baffle’s obliquity angle is not very
close tou=(6,-65)/2 (=6/2in practice). It is thus necessary to test thigtierfour baffles
involved in the design :

- Baffle #1 :a=0.28m, D= 0.9m - 1=8.9°
- Baffle #2 :a=0.235mD;= 1.5m - 1=4.5°
- Baffle #3 :a=0.3m, D;=2.2m -> p=3.9°
- Baffle #4 :a=0.3m, Di;=5m > p=1.7°

The three first angles are rather large, and dwdarestallation should easily avoid such
misalignments. It seems thus that only the ladldabuld possibly present a danger if it has
an obliquity anglex =1.7°+ 0., which has however a low probability.

5) Couplers

Small splinters on the baffle edges may be orieimtesdich a way that they produce the same
effect as the preceding, even with perfectly oadrtaffles. The following figure summarizes
the effect of the misalignments, and gives an mfghe angular range.
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6) Dynamical diffraction : clipping noise

This question is not linked to scattered light, bas been raised in the past. The baffle has
a finite inner radiusa, so that there is a coupling coefficigntbetween the incoming beam
A, and the transmitted o

y=(AB)=(ADA=[ Ax yf dxd,



where the integral is taken over the free apemdéitbe diaphragm. If we assume an offéeif
the optical axis with respect to the baffle’s axisd if we consider a normalized TEMOO
mode g (X, y) of width w at the location of the baffle, this is simply:

y(t) = [ dg| rdr |gx+3+&®), y+n(B]F,

where we assume without loss of generality theedtis be in thex direction. The couple
(é(t),n(t)) represents the transverse motion of the baffle's due to seismic excitation.

y(t) being real, it is clear that the effect is an powedulation of the beam (clipping noise).
In fact, y is nothing but 14P/P. A relative power nois&P( f)/ P is related to a phase noise

AD(f) by ACD(f):—«/l C APFEf)WhereC is the contrast of the interferometer. On the
other hand, the GW Iinear spectral density equivaie the phase nois&®(f) is

h( f) :%A(D( f), so that finally, the GW LSD equivalent to thepgling noise is:

h(f)‘ V Cl1-y (1)
Now, we have
yt) =—=— jd¢jrdrexp[ Wz(r + 0%+ 2 p cosP - w)}

where we have used the following notatiofx=rcosg ,y =r sing |,
(O0+&(@) =pcosy 7 €)= p siny . We can compute the azimuthal integral:

y(t) :%exp[—sz lwzﬁrdr ex;{— 2° WZJIO[ 4o \Iv2]

wherelp denotes the modified Bessel function of the 1stikilf we assumep < w, we have
up to 4th order :

y(t) :%exp[-zo2 lwzﬁrdr ex;{— 22 WZ]{ }4;21192}

Or as well :
J2alw 2 2 2 .2
207 1P 2| 4, 2P 207 IW? 22w 2p 70" 2w
t)y=2g2"" xdxe* | X |= e*! + @ g - =2 @
R e e O
So that

2,2
AFl;(t) - 413\fa e—2.’:12/vv2 +(9[(,0 /W)4:|

With p? =(0+£&(t))*+n(t)*=07+20£(t), we get the relative power noise :

AP( f) 8a’d g2 I g

P w

¢(f) (11

It is not necessary to finish the calculation : Pineceding expression involves (as could have

been foreseen from the beginning)zaz’wz which is so small foa~30cm andv~3cm that the
final result for the clipping noise is obviouslygligible whatever are other factors and final
details.



Conclusion:

Analysis of the three identified channels shows tha proposed design does not increase
significantly the scattered light noise level, iiflikely errors are avoided:

- Baffle having surface defects caused by shocksdaedtly reflecting a part of the
diffused light to the emitter

- Baffle misaligned with a such a high precisionttisaransmits directly diffused
light between mirrors by a specular reflectionitsrinclined inner edge.

The third channel (noise due to diffraction of beam by the finite moving aperture of a
baffle) is too weak for consideration.
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