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1 IntrodutionThe spei�ations for the Advaned 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 preision on the length ontrol isalso disussed.First, the �nesse should be set so that the losses inside the avity are not too high. SineDC readout will be used the output mode leaner has to �lter not only the arrier higherorder modes but also the sidebands from the modulation frequenies and their higherorder modes in order to keep a low shot noise. The light bak-sattered 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 deided on the basis of the needed length but also on theindued additional losses and thermal e�ets.The parameters given in the Advaned Virgo oneptual design [1℄ are used to de�ne thesespei�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 disussed.2 Power ontributions to the dark fringeThe total power transmitted to the dark fringe, for DC readout with detuned SR, is givenby: Pdf = P0Gre2  (1� C) + 12 2F� 4�� Loff!2!TSR4 + PSB1 + PSB2 + PSB3 (1)where P0 is the ITF input power, Gre is the reyling gain, TSR the transmission of thesignal reyling mirror, Loff the di�erential arm o�set and PSBi the power of the side-bands at the modulation frequeny fi. These last terms are given by PSBi = 2TiP0(mi=2)2where mi is the modulation index and Ti the transmission fator to the anti-symmetriport. The Advaned Virgo loking sheme is not yet de�ned and might depend on theuse of degenerate or non-degenerate reyling avities. In the ase of degenerate avitiesthe prefered sheme is to keep 2 modulation frequenies �a la Virgo (f1 ' 6 MHz resonantonly in the power reyling avity and f3 ' 8 MHz not resonant in any avity) and athird one, f2 ' 80 MHz resonant in both the power and signal reyling avities [2℄. Asmall Shnupp asymmetry (few m) ensures that f1 and f2 are not transmitted to thedark port (T1 ' 10�5, T3 < T1). The third modulation frequeny, f2 is also hosen suhthat it is transmitted to the anti-symmetri port: T2 ' 0:5 [2℄.The following values (from the Advaned Virgo oneptual 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 loking auray and suh that it's power ontribution tothe dark fringe lies well above the ontribution from the ontrast detet (see Eq. 1). Thislast requirement will probably be the most stringent: After the output mode leaner the
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ontrast defet 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�erene of reetivity (in amplitude) and �P is the losses asymmetry.Requiring that the power due to ontrast defet does not inrease 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 inrease theshot noise by more than 1%� the ontrol: the �nesse should remain low enough to ensure that the lok of theavity is feasible3.1 LossesThe total losses inside the avity are given by:L = 4P FOMC� (4)where P is the loss per fae and the fator 4 is for the 4 faes of the avity (to be replaedby 3 for a triangular avity). A reasonable value for the losses is P = 30 ppm: a reentlyoated triangular avity showed di�ration losses of 50 to 100 ppm per fae, whih anprobably be improved with a better polishing, and good superpolished mirrors usuallyshow di�ration losses of the order of 10 ppm. Keeping losses below 1% implies thenFOMC < 260. The lok 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 frequenies are already small enough and donot need any additional �ltering, while the high ontribution from the seond 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 optial avity length (de�ned by half of a round trip). The optial lengthis related to the geometrial 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 refration index of the avity.A �ltering larger than 550 at 80 MHz implies FOMC � lopt > 21: with FOMC = 200 therequirement on the optial length is therefore lopt > 11 m. This is small enough so thatthe avity an �t on a single suspended optial benh.4 Beam waistThe waist of the avity should be large enough in order to keep the bak-sattered lightby the avity within the requirements [4℄. This is disussed in Setion 6. Constraintson the waist are given by the �ltering needed for HO modes, whih is disussed in thisSetion.The waist of the avity is given by:w20 = �n�ql(�� l) ' �n�ql� (6)where � is the radius of urvature of the urved fae(s), l is the half (quarter) round tripavity length for a triangular (ring) avity (de�ned as the geometrial length) and n isthe index of the avity substrate. The approximation is valid for l << � whih is the asehere. The produt �l depends on the �ltering needed for the higher order modes whih isdisussed 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 forAdvaned Virgo but it seems reasonable to request a �ltering similar to the Virgo ase,i.e. a fator 100 for the lowest order modes. The transmission for the TEMnm mode is:Tnm = 11 + (2FOMC� )2sin2(i(n +m)aos(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 produt FOMC lopt is onstrained by the �ltering needed for f2 (see Setion 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 frequeny f2 is expetedto be 10 times higher than the power of the arrier (see Setion 2), so higher order modesat f2 ould also give a signi�ant ontribution. The separation frequeny 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 thearrier 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 fat slightly less than 2 � f2 should be �ne but it does nothange 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 loated 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 sine the higher order mode ontent of the sidebands is diÆult toantiipate. This solution requires to use a larger waist: w0 > 540 �m. This isompatible with a good �ltering of the arrier higher order modes (see Setion 4.1)only if the length of the avity is inreased by about 30% (whih will anyway ensurea better �ltering of f2, see Setion 3).The hoie between these two solutions should be made when the Advaned Virgo optialdesign and modulation frequenies are better known.5 Material and geometryIn this setion we investigate if it is possible to use a monolithi avity for the OMC aswas done in Virgo and whih geometry an be used.5.1 Monolithi avityThe advantages of a monolithi avity is to keep the mehanial resonanes at high fre-queny and to use a simple thermal ontrol for the lok. The possible drawbaks of amonolithi avity are the absorption losses and the thermal e�ets.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 Setion 3 gives L = 0:05%whih is safe and shows that a larger avity an also be used.The foal length indued by thermal lensing is given byfth = w202Æs (11)where Æs is the indued inrease of optial path given by [9℄:Æs = 1:3 �4��pabsl � P (12)where � = dn=dT = 1:1�10�5K�1 for silia, � = 1Wm�1K�1 is the thermal ondutivity,l is the geometrial path length in the substrate and P = 2FOMC=�PLoff is the powerstored in the avity. For all ases disussed in Setion 4 the indued foal length is alwayswell above the foal length of the urved faes (for example, fth =1700 m for solution 1in Setion 4.2 to be ompared to f = �=2 ' 0:5 m).5.2 GeometryConerning the geometry, the main deision to be made is about the angle of inideneon the mirrors. Large angle of inidene are prefered to lower the bak-sattering: thedi�usion is known to vary with 1=�2 for angles below typially 5 degrees and onstantabove. Unfortunately large angle of inidene introdue an astigmatism and thereforelosses. For an angle of inidene �i the di�erene of foal length in x and y is Æf = f sin2�ios�i .This results in a di�erene of the waist loation in the two planes: Æz = Æf ' f�2ifor small angles. The losses due to this mismathing 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 Setion 4.2: �i < 13 degrees (�i < 5 degrees).6 Bak-sattered lightThe fration of light bak-sattered by the OMC is given by [6, 8℄:fs = BRDF 4FOMC� !2 �2�w20 (13)where BRDF is the fration of sattered light per unit angle and per fae, and the fator4 aounts for the number of faes (to be replaed by 3 for a triangular avity). Theabove formula assumes the worst ase where the sattered �eld from eah surfae addsup in phase. Assuming that the inident 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 faeas de�ned in Setion 3. With FOMC = 200, w0 = 220 �m (lowest value onsidered inSetion 4) , P = 30 ppm the fration of di�used light is fs = 2 � 10�6. This is abovethe spei�ation fs < 4� 10�7 given in Setion 4.2.2 of [4℄. Installing a Faraday isolator7



before the OMC should nevertheless give a good safety margin (the present Faradayisolator plaed after the OMC provides an isolation of 1000) even in the ase the di�usionis higher due to the small inident angle on the OMC faes.7 Length ontrol and noiseAny power utuation at the output of the mode leaner is interpreted as a gravitationalwave signal. In this setion the power utuation 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 resonane 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�P0GreTSR : (16)Imposing that the noise due to the OMC length noise is a fator 10 below the shot noisegives (this ondition an be relaxed for frequenies below 100 Hz sine 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 typially Æl < 2 � 10�15m=pHz for frequenies above70 Hz. This will have to be measured with the new avity but taking this value asreferene would impose to reah �l0 < 1:5 � 10�12m in order to meet the requirement.The Pound-Drever signal whih 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 eletroni o�set of this signal should be tuned and onstant within about1 permille of the signal dynami range whih is feasible.8 SummaryThe spei�ations for the Advaned Virgo output mode leaner have been detailed withthe Advaned Virgo oneptual design as baseline to set values. The harateristis of aavity that would meet all the requirements is given in Table 1 (�rst line). This assumesthat solution 1 of Setion 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 inreased). Inreasing 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: Charateristis of a monoliti avity meeting the requirements developped inthis note for the Advaned Virgo baseline and in the ases F = 400, f2 = 50 MHz andm = 0:2. These numbers refer to the solution 1 of Setion 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: Charateristis of a monoliti avity meeting the requirements developped in thisnote for the Advaned Virgo baseline and in the ases F = 400, f2 = 50 MHz andm = 0:2.These numbers refer to the solution 1 of Setion 4.2 and to a onstant geometrial lengthl = 7:4 m.lead to less stringent onstraints while dereasing the �nesse (only) would imply a higher�ltering at f2 leading to a longer avity. Dereasing the value of f2 would also lead toa longer avity. It should also be underlined that the modulation index was arbitrarilyhosen to m = 0:1 and a better �ltering (i.e. longer avity) ould be needed in ase alarger index is needed for loking purposes. As an example, the harateristis 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 (exept forF=400 where the reyling gain is 2 times higher sine 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 harateristis for a avity of onstant geometrial length.Referenes[1℄ The Virgo Collaboration, The Advaned Virgo Coneptual Design, VIR-042A-07(2007).[2℄ G. Vajente, Possible sets of lengths and modulation frequenies for Advaned Virgo,VIR-049A-08 and private ommuniation.[3℄ R. Abbott et al., AdvLIGO Interferometer Sensing and Control Coneptual Design,LIGO-T070247-00-I, 2008. 9
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