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1 Introdu
tionThe spe
i�
ations for the Advan
ed Virgo output mode 
leaner are detailed in this note.The parameters to be de�ned are: the �nesse, the length, the waist, the geometry andthe type of 
avity (monoliti
 as for Virgo, or not). The pre
ision on the length 
ontrol isalso dis
ussed.First, the �nesse should be set so that the losses inside the 
avity are not too high. Sin
eDC readout will be used the output mode 
leaner has to �lter not only the 
arrier higherorder modes but also the sidebands from the modulation frequen
ies and their higherorder modes in order to keep a low shot noise. The light ba
k-s
attered by the 
avityshould be low enough in order to avoid to add any phase noise to the sensitivity. The useof a monoliti
 
avity will be de
ided on the basis of the needed length but also on theindu
ed additional losses and thermal e�e
ts.The parameters given in the Advan
ed Virgo 
on
eptual design [1℄ are used to de�ne thesespe
i�
ations. It is also assumed that a ring 
avity will be used in order to be 
ompliantwith HOLMs but the 
ase of a triangular 
avity is also dis
ussed.2 Power 
ontributions to the dark fringeThe total power transmitted to the dark fringe, for DC readout with detuned SR, is givenby: Pdf = P0Gre
2  (1� C) + 12 2F� 4�� Loff!2!TSR4 + PSB1 + PSB2 + PSB3 (1)where P0 is the ITF input power, Gre
 is the re
y
ling gain, TSR the transmission of thesignal re
y
ling mirror, Loff the di�erential arm o�set and PSBi the power of the side-bands at the modulation frequen
y fi. These last terms are given by PSBi = 2TiP0(mi=2)2where mi is the modulation index and Ti the transmission fa
tor to the anti-symmetri
port. The Advan
ed Virgo lo
king s
heme is not yet de�ned and might depend on theuse of degenerate or non-degenerate re
y
ling 
avities. In the 
ase of degenerate 
avitiesthe prefered s
heme is to keep 2 modulation frequen
ies �a la Virgo (f1 ' 6 MHz resonantonly in the power re
y
ling 
avity and f3 ' 8 MHz not resonant in any 
avity) and athird one, f2 ' 80 MHz resonant in both the power and signal re
y
ling 
avities [2℄. Asmall S
hnupp asymmetry (few 
m) ensures that f1 and f2 are not transmitted to thedark port (T1 ' 10�5, T3 < T1). The third modulation frequen
y, f2 is also 
hosen su
hthat it is transmitted to the anti-symmetri
 port: T2 ' 0:5 [2℄.The following values (from the Advan
ed Virgo 
on
eptual design [1℄ and ISC stud-ies [2℄) are used throughout this note: P0 = 125 W, Gre
 = 20, F = 880, TSR = 0:043,f2 = 80 MHz, T2 = 0:5, mi = 0:1, T3 < T1 < 10�4. The value of the di�erential o�setLoff has to be well above the lo
king a

ura
y and su
h that it's power 
ontribution tothe dark fringe lies well above the 
ontribution from the 
ontrast dete
t (see Eq. 1). Thislast requirement will probably be the most stringent: After the output mode 
leaner the
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ontrast defe
t is given by the asymmetry of losses inside the Fabry-Perot 
avities:1� C = (�r)22 = 12 F�P� !2 (2)where �r is the di�eren
e of re
e
tivity (in amplitude) and �P is the losses asymmetry.Requiring that the power due to 
ontrast defe
t does not in
rease the shot noise by morethan 1% gives the following relation:Loff > �P (ppm)8p2� 10�11m (3)and di�erential losses of 30 ppm give Loff > 10�11 m. This value is used in the following.With the value of the parameters given above the 
ontributions to the dark fringe powerare: P1�C=0.5 mW, PLoff = 28 mW, PSB1 < 60 �W, PSB2 = 310 mW, PSB3 < 60 �W.3 FinesseThe �nesse of the output mode 
leaner is driven by� the losses inside the 
avity: these should be kept below 1%� the �ltering needed for the sidebands: their 
ontribution should not in
rease theshot noise by more than 1%� the 
ontrol: the �nesse should remain low enough to ensure that the lo
k of the
avity is feasible3.1 LossesThe total losses inside the 
avity are given by:L = 4P FOMC� (4)where P is the loss per fa
e and the fa
tor 4 is for the 4 fa
es of the 
avity (to be repla
edby 3 for a triangular 
avity). A reasonable value for the losses is P = 30 ppm: a re
ently
oated triangular 
avity showed di�ra
tion losses of 50 to 100 ppm per fa
e, whi
h 
anprobably be improved with a better polishing, and good superpolished mirrors usuallyshow di�ra
tion losses of the order of 10 ppm. Keeping losses below 1% implies thenFOMC < 260. The lo
k should be feasible for this value of the �nesse. FOMC = 200 isused in the following.3.2 Filtering of the sidebandsThe power from the �rst and third modulation frequen
ies are already small enough and donot need any additional �ltering, while the high 
ontribution from the se
ond modulation4



implies a �ltering larger than 550 at 80 MHz. The output mode 
leaner transmission atf2 is given by: T (f2) = 11 + (2FOMC� )2sin2(2�f2
 lopt) (5)where lopt is the opti
al 
avity length (de�ned by half of a round trip). The opti
al lengthis related to the geometri
al length, l, of the 
avity by: lopt = n � i � l where i = 1 fora triangular 
avity and i = 2 for a ring 
avity and n is the refra
tion index of the 
avity.A �ltering larger than 550 at 80 MHz implies FOMC � lopt > 21: with FOMC = 200 therequirement on the opti
al length is therefore lopt > 11 
m. This is small enough so thatthe 
avity 
an �t on a single suspended opti
al ben
h.4 Beam waistThe waist of the 
avity should be large enough in order to keep the ba
k-s
attered lightby the 
avity within the requirements [4℄. This is dis
ussed in Se
tion 6. Constraintson the waist are given by the �ltering needed for HO modes, whi
h is dis
ussed in thisSe
tion.The waist of the 
avity is given by:w20 = �n�ql(�� l) ' �n�ql� (6)where � is the radius of 
urvature of the 
urved fa
e(s), l is the half (quarter) round trip
avity length for a triangular (ring) 
avity (de�ned as the geometri
al length) and n isthe index of the 
avity substrate. The approximation is valid for l << � whi
h is the 
asehere. The produ
t �l depends on the �ltering needed for the higher order modes whi
h isdis
ussed here.4.1 Filtering of the higher order modes of the 
arrierNo simulation of the higher order mode 
ontent of the 
arrier has been performed forAdvan
ed Virgo but it seems reasonable to request a �ltering similar to the Virgo 
ase,i.e. a fa
tor 100 for the lowest order modes. The transmission for the TEMnm mode is:Tnm = 11 + (2FOMC� )2sin2(i(n +m)a
os(pg + �n2 )) (7)where �n = � for a triangular 
avity and odd n, �n = 0 otherwise, and g = 1 � l� . Forl << �, T01 < 1% implies: �l < 1%�  2FOMCloptn� !2 (8)where the produ
t FOMC lopt is 
onstrained by the �ltering needed for f2 (see Se
tion 3).Using the lowest allowed value (FOMClopt = 21) leads to w0 < 470 �m.5



4.2 Filtering of the higher order modes of the sidebandThe most stringent requirement on � (and therefore on the waist) 
ould 
ome from thehigher order modes of the sidebands: the power at the modulation frequen
y f2 is expe
tedto be 10 times higher than the power of the 
arrier (see Se
tion 2), so higher order modesat f2 
ould also give a signi�
ant 
ontribution. The separation frequen
y between twomodes is given by: fsep = 
2�n 1p�l (9)One should make sure that the lowest order modes of f2 do not fall too 
lose to the
arrier TEM00 (for example, if fsep = f2 the �rst order mode of SB2 is transmitted withthe TEM00 of the 
arrier). There are two possibilities:1- The safest is that the �rst order mode falls on the other side of the 
arrier TEM00,i.e. fsep > 2 � f2 (in fa
t slightly less than 2 � f2 should be �ne but it does not
hange signi�
antly the result). The largest waist that 
an be used for f2 = 80 MHzis around w0 < 220 �m. This limit goes up if a smaller f2 is used. This 
orrespondsto a radius of 
urvature of the order of 2 (resp. 1) meter for a ring (resp. triangular)
avity.2- The higher order modes of the SB2 
an also be lo
ated between the TEM00 modes ofthe 
arrier and of SB2. It should then be required that the transmission is smallerthan few% for f2 � (n + m)fsep at least for (n + m) < 3. This is less safe thanthe solution 1 sin
e the higher order mode 
ontent of the sidebands is diÆ
ult toanti
ipate. This solution requires to use a larger waist: w0 > 540 �m. This is
ompatible with a good �ltering of the 
arrier higher order modes (see Se
tion 4.1)only if the length of the 
avity is in
reased by about 30% (whi
h will anyway ensurea better �ltering of f2, see Se
tion 3).The 
hoi
e between these two solutions should be made when the Advan
ed Virgo opti
aldesign and modulation frequen
ies are better known.5 Material and geometryIn this se
tion we investigate if it is possible to use a monolithi
 
avity for the OMC aswas done in Virgo and whi
h geometry 
an be used.5.1 Monolithi
 
avityThe advantages of a monolithi
 
avity is to keep the me
hani
al resonan
es at high fre-quen
y and to use a simple thermal 
ontrol for the lo
k. The possible drawba
ks of amonolithi
 
avity are the absorption losses and the thermal e�e
ts.The losses due to absorption in the substrate are given by:L = 2FOMC� 2loptn pabs (10)6



where pabs is the absorption per length unit. For Suprasil 311 SV the absorption ispabs = 0:25 ppm/
m. Using the value of FOMClopt derived in Se
tion 3 gives L = 0:05%whi
h is safe and shows that a larger 
avity 
an also be used.The fo
al length indu
ed by thermal lensing is given byfth = w202Æs (11)where Æs is the indu
ed in
rease of opti
al path given by [9℄:Æs = 1:3 �4��pabsl � P (12)where � = dn=dT = 1:1�10�5K�1 for sili
a, � = 1Wm�1K�1 is the thermal 
ondu
tivity,l is the geometri
al path length in the substrate and P = 2FOMC=�PLoff is the powerstored in the 
avity. For all 
ases dis
ussed in Se
tion 4 the indu
ed fo
al length is alwayswell above the fo
al length of the 
urved fa
es (for example, fth =1700 m for solution 1in Se
tion 4.2 to be 
ompared to f = �=2 ' 0:5 m).5.2 GeometryCon
erning the geometry, the main de
ision to be made is about the angle of in
iden
eon the mirrors. Large angle of in
iden
e are prefered to lower the ba
k-s
attering: thedi�usion is known to vary with 1=�2 for angles below typi
ally 5 degrees and 
onstantabove. Unfortunately large angle of in
iden
e introdu
e an astigmatism and thereforelosses. For an angle of in
iden
e �i the di�eren
e of fo
al length in x and y is Æf = f sin2�i
os�i .This results in a di�eren
e of the waist lo
ation in the two planes: Æz = Æf ' f�2ifor small angles. The losses due to this mismat
hing are given by L = (Æz=2zR)2 withzR = �w20=� ' p�l=n. To keep the losses below 1% implies �2i < 0:1 4nq l� , and, using thevalues derived from solution 1 (resp. 2) of Se
tion 4.2: �i < 13 degrees (�i < 5 degrees).6 Ba
k-s
attered lightThe fra
tion of light ba
k-s
attered by the OMC is given by [6, 8℄:fs
 = BRDF 4FOMC� !2 �2�w20 (13)where BRDF is the fra
tion of s
attered light per unit angle and per fa
e, and the fa
tor4 a

ounts for the number of fa
es (to be repla
ed by 3 for a triangular 
avity). Theabove formula assumes the worst 
ase where the s
attered �eld from ea
h surfa
e addsup in phase. Assuming that the in
ident angle is large enough to be in the region wherethe di�usion is uniform gives: BRDF = P=2� where P is the di�usion losses per fa
eas de�ned in Se
tion 3. With FOMC = 200, w0 = 220 �m (lowest value 
onsidered inSe
tion 4) , P = 30 ppm the fra
tion of di�used light is fs
 = 2 � 10�6. This is abovethe spe
i�
ation fs
 < 4� 10�7 given in Se
tion 4.2.2 of [4℄. Installing a Faraday isolator7



before the OMC should nevertheless give a good safety margin (the present Faradayisolator pla
ed after the OMC provides an isolation of 1000) even in the 
ase the di�usionis higher due to the small in
ident angle on the OMC fa
es.7 Length 
ontrol and noiseAny power 
u
tuation at the output of the mode 
leaner is interpreted as a gravitationalwave signal. In this se
tion the power 
u
tuation due to the mode 
leaner length variationare 
onsidered. The power transmitted by the output mode 
leaner is given by:Pt = P01 + (2FOMC� )2sin2(kl) (14)where l is the 
avity length. If the 
avity is away from resonan
e by a 
onstant o�set �l0,a length noise Æl will give a variation of the output power:ÆPP = 2(4FOMC)2�l0� Æl� (15)The shot noise on the dark fringe is given by:ÆPsnP = �2FLoffs 2h�P0Gre
TSR : (16)Imposing that the noise due to the OMC length noise is a fa
tor 10 below the shot noisegives (this 
ondition 
an be relaxed for frequen
ies below 100 Hz sin
e the sensitivity willnot be shot noise limited): �l0Æl < 3� 10�28m2=pHz (17)An upper limit on the length noise of the Virgo output mode 
leaner (monoliti
 
avityof 2.5 
m) was measured [10℄ and typi
ally Æl < 2 � 10�15m=pHz for frequen
ies above70 Hz. This will have to be measured with the new 
avity but taking this value asreferen
e would impose to rea
h �l0 < 1:5 � 10�12m in order to meet the requirement.The Pound-Drever signal whi
h will be used for the length 
ontrol is linear in the rangellin = �=(2 � p3FOMC) = 1:4 � 10�9 m for FOMC = 200. Therefore, to obtain �l0 <1:5�10�12m the ele
troni
 o�set of this signal should be tuned and 
onstant within about1 permille of the signal dynami
 range whi
h is feasible.8 SummaryThe spe
i�
ations for the Advan
ed Virgo output mode 
leaner have been detailed withthe Advan
ed Virgo 
on
eptual design as baseline to set values. The 
hara
teristi
s of a
avity that would meet all the requirements is given in Table 1 (�rst line). This assumesthat solution 1 of Se
tion 4.2, 
onsidered as the safest solution is 
hosen. The �nesse ofthe FP 
avities and the transmission of SR mirror are not yet frozen (the �nesse 
ould belowered while SR transmission 
ould be in
reased). In
reasing the SR transmission would8



FOMC lopt (
m) l (
m) � (
m) w0 (�m) fs
 �i;max (deg)AdV baseline 200 11 3.7 110 220 2� 10�6 13F=400 200 18 6.2 70 220 2� 10�6 16f2 = 50 MHz 200 17 6.0 180 280 1:5� 10�6 13m=0.2 200 21.4 7.4 60 220 2� 10�6 18Table 1: Chara
teristi
s of a monoliti
 
avity meeting the requirements developped inthis note for the Advan
ed Virgo baseline and in the 
ases F = 400, f2 = 50 MHz andm = 0:2. These numbers refer to the solution 1 of Se
tion 4.2 and to a 
onstant �nesseFOMC = 200. FOMC lopt (
m) l (
m) � (
m) w0 (�m) fs
 �i;max (deg)AdV baseline 100 21.4 7.4 60 220 0:6� 10�6 18F=400 170 21.4 7.4 60 220 1:7� 10�6 18f2 = 50 MHz 160 21.4 7.4 150 280 0:9� 10�6 14m=0.2 200 21.4 7.4 60 220 2� 10�6 18Table 2: Chara
teristi
s of a monoliti
 
avity meeting the requirements developped in thisnote for the Advan
ed Virgo baseline and in the 
ases F = 400, f2 = 50 MHz andm = 0:2.These numbers refer to the solution 1 of Se
tion 4.2 and to a 
onstant geometri
al lengthl = 7:4 
m.lead to less stringent 
onstraints while de
reasing the �nesse (only) would imply a higher�ltering at f2 leading to a longer 
avity. De
reasing the value of f2 would also lead toa longer 
avity. It should also be underlined that the modulation index was arbitrarily
hosen to m = 0:1 and a better �ltering (i.e. longer 
avity) 
ould be needed in 
ase alarger index is needed for lo
king purposes. As an example, the 
hara
teristi
s of a 
avitywith a �nesse FOMC = 200 and meeting these requirements are given in Table 1 for F=400,f2 = 50 MHz or m = 0:2, keeping all other parameters as in the AdV baseline (ex
ept forF=400 where the re
y
ling gain is 2 times higher sin
e the total losses in the FP 
avitiesare smaller). In all 
ases the 
avity is small enough so that a monoliti
 
avity 
an beused. Table 2 gives these 
hara
teristi
s for a 
avity of 
onstant geometri
al length.Referen
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tion de l'exp�erien
e Virgo d�edi�ee �a lare
her
he d'ondes gravitationnelles, Universit�e de Savoie, LAPP-T-99/02.

10


