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Abstract:  The current LIGO detectors will undergo an upgrade which
is expected to improve their sensitivity and bandwidth gigantly. These
advanced gravitational-wave detectors will employ stabéycling cavities

to better confine their spatial eigenmodes instead of theently installed
marginally stable power recycling cavity. In this letter wescribe the
general layout of the recycling cavities and give specifities for a first
possible design. We also address the issue of mode mismagdo adnanu-
facturing tolerance of optical elements and present ay@ssimpensation
scheme based upon optimizing the distances between oplécaénts.
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1. Introduction

The direct observation of Gravitational waves (GW) has teerelusive goal of several am-
bitious projects worldwide. The most sensitive observatotoday are the NSF funded Laser
Interferometer Gravitational Wave Observatories (LIGOHanford, WA, and Livingston, LA.
These observatories consist of 4km long highly optimizedhdison interferometer which
reach displacement sensitivities below 18m/+/Hz between 70 and 1000Hz. LIGO just fin-
ished its fifth science run [1] and the LIGO Science Collabora(LSC) is currently analyzing
the data while the detectors are being upgraded. This up@g&mown as enhanced LIGO. The
main changes are an increase in the laser power, improvat ampics components to handle
this laser power, the installation of additional opticaffles to reduce stray light, and the addi-
tion of DC sensing. These changes will improve the sensitby an additional factor of two to
three depending on the frequency of interest. It is expeti@itthis upgrade will be completed
in the fall of 2008 and will be followed by a new year-long saie run [2].

This is followed by another major upgrade called Advance@QI This upgrade includes
a further increase in the laser power, and major changeseimpitical configuration, in the
suspension systems, and in virtually all other relevansgsiems [3, 4]. Advanced LIGO will
open up the sub-50Hz frequency range and will also improgg#ak sensitivity above 50Hz
significantly. One change is the addition of signal recyglivhich allows to tune the frequency
dependent sensitivity curve by changing the length of theadirecycling cavity (SRC).

In this paper we discuss the design constraints, tolerarmeesthe current design of the
power recycling cavity (PRC) and SRC in Advanced LIGO. Thigisign will be substantially
different from the design of the PRCs employed in the curké@0O interferometer.

2. LIGO Configuration

Each of the current LIGO interferometer starts with a 10 Vétaystem. The laser beam is then
handed over to the input optics where it's phase is modulatéd24.5 MHz and 33MHz by a
series of electro-optical modulators (EOM). The spatiatlsis cleaned with a suspended trian-
gular mode cleaner before it is send through a Faraday is@atl a beam expanding telescope
into the main interferometer. Figure 1 shows the central @iathe main LIGO interferometer.

It is a Michelson interferometer with 4km long identical IFaPerot cavities in each arm. The
cavity input mirrors (ITMs) have a transmissionf= 2.7% and a radius of curvature (ROC)
Rtm of about 15km and the end mirrors (ETMs) have a transmisdiabaut 5— 10 ppm and

a ROCReTMm of about 7km. Consequently, each arm cavity is highly owarpted and on res-
onance the reflected field will be dominated by the field leglant of the cavity. This changes



the phase of the reflected field by T8bmpared to the case where the arm cavity would be
non-resonant. Each Fabry Perot cavity resonates on thefsademental Gaussian mode. This
mode has a beam radius at the ITM of 8m and a Rayleigh range of 4000 m inside the arm
cavities and of 3700m inside the short Michelson interfezten These modes (red) interfere
again at the beamsplitter such that virtually all the ligrgént back towards the Faraday rotator.

A small asymmetry in the distances between the beamspéitidrthe ITMs allows the
24.5MHz modulation sidebands (blue) to reach the dark port. GMWmodulate the length
of each arm cavity and generate sidebands (green) arourdiher which are offset from the
carrier frequency by the GW frequency. Because of the quedeunature of the GW, these
signal sidebands will interfere at the beamsplitter in sa@ay that they are transmitted to the
dark port. There they beat against the5MHz sidebands to generate the main science signal.
The efficiency of the beat signal between the signal sideband the RF sidebands depends
on the modal overlap between both fields.

An additional mirror is placed between the beam expandilegtepe and the beamsplitter.
This power recycling mirror (PRM) forms the input mirror dfet PRC. The ‘end mirror’ of
this cavity is the Michelson interferometer. The PRM hasaadmissivity ofTpr = 2.7% and
increases the circulating power by about 50. This trangwitigsvas chosen based on the ex-
pected losses for the carrier field which resonates in thecawities. The goal was to create a
slightly over-coupnled PRC for the carrier field.

ETM
y
IT™,,
PRM
IT™, y ETM,
Fro_m' //
laser /4
BS
To the
detector

Fig. 1. The current LIGO configuration uses two 4km long armities formed between the
ITMs and ETMs in each arm of a Michelson interferometer. TR&MPand the Michelson
interferometer form the PRC. The carrier (red) resonats&lénthe arm cavities and the
PRC, the RF-sdiebands (blue) resonate inside the PRC, arsighal sidebands (green)
resonate inside the arm cavities and propagate to the detadhe dark port. The differ-
ent 'beam sizes’ symbolize the different spatial modes efvidrious fields in the various
cavities.

The 245MHz sidebands are only resonating between the PRM and treMichelson in-
terferometer before they reach the dark port. This PRC hasgth of about 2m. This is
much shorter than the Rayleigh range of the Gaussian eigd@mbich is expected to prop-
agate in this cavity. Furthermore, the entire cavity is tedan the far field of the eigenmode.
Therefore the transversal mode spacing of the PRC is onlytalickHz which is well below
the 350 KHz linewidth of the recycling cavity. Such a caviyoinly marginally stable and any
small distortion will lead to resonantly enhanced scatemieen the spatial modes and can



push the cavity easily into a region where it is unstable. e\@v, as the fundamental mode of
the carrier field inside the recycling cavity experience8&° Iphase shift at the arm cavities
all higher order modes of the carrier are virtually antieresnt inside the PRC. This leads to a
very stable spatial eigenmode for the carrier field insidedtherwise only marginally stable
PRC. The RF sidebands never reach the inside of the armesasitid their spatial mode is not
filtered by them. Many higher order modes of the RF sidebareisesonant and build up as
soon as they are excited by mode mismatch, angular motiotheahirrors, or simply scatter
between the modes [5]. This leads to substantial spatiaemaddmatches between the carrier,
the RF-sidebands, and the signal sidebands. Only the latgtal of a sophisticated thermal
compensation system allowed to reach the current semgiti’LIGO[6].

3. Advanced LIGO

Several differences between LIGO and Advanced LIGO willraggte the problem of unstable
recycling cavities. First, the beam sizes on the test madasesase to reduce thermo-elastic
noise caused by the Brownian motion of the atoms on the ssfafthe mirrors. The current
design carries radii of curvatures for the ITMs of 1971 m amdthe ETMs of 2191 m. This
leads to beamsizes vty = 5.55¢m (1€ intensity beam radius) on the ITMs andwaf Ty =
6.2cm on the ETMs [7, 8]. Note that this has changed from theralgymmetric design of
Rtm = Retm = 2076 m and beamsizes of 6 cm to reduce diffraction losseddrise recycling
cavities and to take into account the scaling of the therfastie noise with the number of
coating layers [9, 10].

In addition to power recycling, Advanced LIGO will also erapkignal recycling. The signal
sidebands will be sent back into the interferometer wheeg tan be coherently enhanced or
used to coherently extract more sideband amplitude frorattimecavities. In the later case, the
SRM is placed at a position where the carrier is resonan&rSRC which increases the effec-
tive transmissivity of the ITMs. The subsequent reductiothhe finesse increases the bandwidth
of the entire detector. This is called resonant sidebangetion [11]. Changing the position
of the SRM will increase the peak displacement sensitivitg position dependent specific fre-
guency range but will also reduce the bandwidth of the dete€his is commonly known as
detuned signal recycling or detuned resonant sidebandatixtn.

In the original baseline design of Advanced LIGO the SRC wase a marginally stable
cavity designed very much like the PRC [12]. The PRC in comatiim with the arm cavities
is resonant for the carrier. In contrast the SRC in combamatvith the arm cavities is anti-
resonant. This would make the higher order spatial moddsedfignal sidebands to be resonant
or near resonant in the SRC unless these sidebands gainifecaignGouy phase. Similar to
the RF sidebands in the current PRC, any ROC mismatches afaamgotions of the mirrors
would have led to resonantly enhanced mode scatter andeddyravitational wave signals
[13]. Although a thermal compensation system will also beleyed in Advanced LIGO to
correct ROC mismatches, the requirements on this systentdwawe increased significantly
due to the increased laser power and subsequent thermialdetie increased beam diameters
on the ITMs which would have driven these marginally staleleycling cavities even closer
to the unstable region, and the improved sensitivity whiats [stringent requirements on the
technical noise in the thermal compensation system. Thésrealized already a few years ago
and a new design for the recycling cavities was discussedinaltly adopted for Advanced
LIGO in the beginning of this year [14-16].

It should be noted that signal recycling has been testecea®HO detector [17]; GEO does
not use arm cavities, various table top experiments [18} aitd without arm cavities, and is
currently being tested again at the 40m prototype at thddZaia Institute of Technology with
arm cavities. All these test interferometers employed guleynstable recycling cavities while



LIGO, VIRGO, and TAMA are using marginally stable power reliyg cavities [19, 20] and
no signal recycling.

The new recycling cavity design uses three mirrors instdéamhe for each recycling cavity
(see Figure 2); a two mirror design which is also possiblelas severe practical problems
will be discussed in the Appendix. The distances betweerthitez mirrors are restricted by
the locations of the horizontal access modules (HAM) whighesssentially suspended optical
tables inside the LIGO vacuum system. The mirrors have tabpended and have to share the
HAM tables with other optical components such as the susgggtndrrors of the input mode
cleaner (MC), the in-vacuum Faraday isolator, and mulgpdering mirrors. Possible distances
are in the order of 15 to 16 m to aive the reader an idea of tHesa@a/olved.
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Fig. 2. The Advanced LIGO design uses three mirror recyctiagties. Each recycling
cavity consists of a beam expanding (or reducing) teles(PRe/PR, or SR/SR, respec-
tively) and an additional end mirrétR; or SR . The position of the end mirror with respect
to the waist of the mode going BR, or coming fromSR, determines the final Gouy phase
inside each recycling cavity. The red lines indicate theieaeigenmode, the blue lines the
eigenmode of the RF sidebands, and the green line of thel siigledpands. After optimiz-
ing the beam expanding and reducing telescopes all spadidésnwill be well matched to
each other.

Before presenting the current set of specific values for R&@@amirror locations, we discuss
general aspects of both stable recycling cavities. Thesergkeaspects will not change while
the specific values are still being optimized to ensure fangple that all optical components
fit inside the vacuum envelope without blocking parts of tagaus laser beams. It should also
be noted that the overall length of each recycling cavityetshy the RF sidebands which have
to resonate in these cavities to generate the necessaty k@mg angular control signals. This
puts additional constrains on the design.

The spatial mode coming from the ITM will be focused by thgé&R; (PRs or SR) mirror.

The convergence angle betwdgnandR, (PR, or SR) will be in the order of a few mrad (see
also Appendix). This highly converging beam propagates awistance of about 16 m &y .
Before this mode reaches its own Rayleigh ramereduces the convergence angle and sends
the light toR; (PRy or SR). As R, changes the modal parameters before the mode reaches its
own Rayleigh range, the accumulated Gouy phase betweenittorsiR, andR3 is very small.

The location of the waist of the mode betwdenandR, with respect to the location d?; is



responsible for the accumulated Gouy phase and conseytmrithe transversal mode spacing
and the stability of the recycling cavities. This locatiogpeénds on the ROC &, . Figure 3
shows the accumulated Gouy phase and the beam sReama function of the ROC d®, for

a typical fixed distance betwe&a andR; and a typical ROC oR3 .
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Fig. 3. The accumulated Gouy phase (blue, left axis) and ¢laenbsize (green, right axis)
onR; as a function of the ROC d®, . The minimum spot size is.&mm at a Gouy phase
of 90°.

The accumulated Gouy phase will still be small if the Rayheignge of this mode is smaller
than the distance between the waist location BndBut by decreasing the (negative) ROC of
R>, the waist location can be pushed closer and clos&; td@nce the distance between the
waist andR; is smaller than the Rayleigh range, the mode will start teieedate Gouy phase
inside the SRC and the transversal mode spacing will becarger than the linewidth of the
recycling cavity. Our current design of the SRC is similathis case and the one-way Gouy
phase in the SRC is currently set#gR= 0.51rad. For the PRC, we further decrease the ROC
of PR, and move the waist into the PRC. Once the waist is inside thig/cthe Gouy phase is
larger tharvt/2. Our current design of the power recycling cavity is simitathis case and the
one-way Gouy phase in the PRC is currently sétlgcﬁ* = 2.08rad.

These specific Gouy phases were chosen such that the lowlesttansversal modes other
than the fundamental mode are at least one full linewidthydinam resonance inside any of
the recycling cavities [21]. This includes the transversalles of the carrier, the signal side-
bands, and the RF sidebands. The above values fullfil thigiton for a transmissivity of
the signal recycling mirror ofisg =~ 7% when the SRC is resonant for the carrier (resonant
sideband extraction). However, it has to be realized thistiithpossible to fullfil this condi-
tion for all possible tunings of the signal recycling cavitylditional optimization will require
identification of a certain (hopefully small) number of patial tunings for the SRC and then
optimization of the Gouy phases for these specific pointpefation. Note that the difference



between the Gouy phasEP%R— ‘PER: 1m/2causes degeneracy in the transversal mode spec-
trum which reduces the problem to some degree. This speiffécehce has another advantage
as long as the SRC is tuned on or near the resonant sidebaadt®xt tuning. The Michel-
son interferometer formed by the two recycling cavitiesew all odd modes and transmits
all even modes generated in one of the arms. Although thkiltigiis not perfect because the
reflectivities of the two recycling cavity mirrors are notuad, the amplitude of an odd mode
will be much higher in the arm where it is generated compavele other arm where it is not
generated. The odd modes include the (1,0) and (0,1) HefBaitess modes which are gener-
ated by alignment errors of the mirrors. The amplitudes e§&modes are measured at various
ports to generate alignment signals for all optical compésmenith this specific Gouy phase
difference it is possible to differentiate between aligmtrerrors in the X and the Y-arm of the
main interferometer by using spurious reflections in eaohtargenerate the alignment sensing
signals. The signals in the X-arm are fairly independennfemy misalignments in the Y-arm
and vice versa. This choice of Gouy phases also allows tk trextles which are generated for
example by parametric instabilities better which couldpriliring commissioning to identify
their source and to suppress them.

The current design parameters as well as the beam sizeseaddhmulated one-way Gouy
phases for the stable recycling cavities are shown in Tallledse design parameters are calcu-
lated using ABCD matrices and Gaussian modes to describgrapdgate the laser field inside
the interferometer. Note that the final design parametertilaly to be slightly different from
these parameters as the final layout is currently revisdeéddiude changes in the length and
alignment sensing system and to fit all components into tleawm system without clipping
the various laser beams. However, the results presentée iremainder of this paper will not
change significantly.

| | PRR [ PR [ PR | SR | SR | SR |
Radius [m] 8.220 | -2.346 | 34.750| -15.373| -3.261 | 34.000
Beamsize [mm] | 1.75 3.45 56.52 2.22 5.03 56.50
Lo Lo3 L3 Lo Lo3 L3
Distance [m] 15.760| 16.523| 25.394| 15.421 | 15.680| 24.928
Gouy Phase [rad] 2.054 | 0.029 | 0.003 0.488 | 0.019 | 0.003

Table 1. The current design parameters for the stable PR@harstable signal recycling
cavity. R are the radii of curvature of the three mirrd?& or SR. Lj; are the distances
between mirrorsj; Index | stands for the ITM mirror. The one-way Gouy phasetha
recycling cavities aré¥2R = 2.08rad, WgR= 0.51rad.

4. Requirements on Mode matching

LIGO and also Advanced LIGO depend strongly on beat sigretiwden the carrier field, the
RF-sidebands, and the signal sidebands. These beat sigadden at various locations and are
used to extract the GW information, control all longitudiaad alignment degrees of freedom,
and potentially even measure the mode mismatches betweeratious fields [22, 23]. The
amplitudes of the beat signals scale with the spatial opdy&ween the transversal modes of
each of these frequency components. Any mismatch betweespétial modes will reduce
each of these signals. In addition, the higher order modesdéh frequency component will
beat against higher order modes in other frequency compome will generate spurious
signals. Therefore it is important to calculate the coupbetween the resonating modes of the
various cavities.



In this paper the eigenmode of each cavity is calculatedyubi@ complex g-parameters and
the standard matrix formalism. When

A B
m=(¢ o)
describes a roundtrip in the cavity, the complex g-paranaétihe cavity eigenmodes has to be
a solution of the following equation [24]:

_ Ag+B
- Cg+D

In this formalism we do not take into account the couplingieetn the cavities which changes
the spatial eigenmode in each cavity. This change depentisectype and magnitude of the
mismatch, the coupling coefficients, and also the resonemedition of the coupled cavities.

A quantitative analysis of these effects is beyond the airthisf paper but some quantitative
results for the SRC can be found in [5].

4.1. Signal recycling cavity

Advanced LIGO will employ DC-sensing instead of RF-sensimgthis sensing scheme the
main signal in Advanced LIGO will be the beat signal betwewss gignal sidebands and the
carrier at the dark port. Mode mismatches between the SRGhenarm cavities will reduce
the build-up of the signal sidebands in the SRC and will redilhe modal overlap with the
leakage field of the carrier. Any compensation of this sidoss by increasing the laser power
would automatically increase the carrier build-up inside &rm cavities. The increased radi-
ation pressure noise would deteriorate the low frequenogitety. Consequently, a perfor-
mance independent compensation of these losses is im[@ssib

The GW signal strongly depends upon the mode matching bettheecarrier signal and the
signal sideband in the SRC. A 0.1% drop in mode matching dsesethe GW signal by as
much as 5% [13]. Various effects including imperfactiong @S, scattering, wedge angle at
BS, and diffraction effects at BS may contrubute to this.|&¥s can use that loss mechanism
to impose an upper limit of 0.1% allowable mode mismatch ketwthe recycling cavity and
the arm cavity mode.

4.2. Power recycling cavity

As the RF sidebands are not resonant in the arm cavities,digginmode is completely deter-
mined by the ROC of the mirrors forming the PRC. In contraghis, the eigenmode of the
carrier is dominated by the arm cavity eigenmode. Any misimaetween the two eigenmodes
will reduce the build-up of the carrier inside the arm casgtas the carrier has to propagate
through the PRC and will reduce the spatial overlap betwieerarrier and the RF sidebands.
The reduction in the carrier build-up can in principle be pemsated by increasing the laser
power. This increase is possible until the maximum laserguas/reached or until the photo
detector which senses the reflected field saturates. Anaseref the laser power will also
increase the amount of scattered light which has become fotle anain problems in all in-
terferometric GW detectors. However, the main problem efrttodal mismatch between the
PRC and the arm cavities is that it will create a differendsvben the spatial modes of the RF
sidebands and the spatial mode of the carrier. This misna#tgriorates all beat signals used
for length and alignment sensing and control.

Although the effect of the modal mismatch in PRC has not beedated in detail, the re-
quirements are less stringent than the SRC.



4.3. General properties of both designs

As discussed in the last paragraphs, the Gouy phase is naifulgction of the ROC of the
second mirror, i.ePR, or SR and of the distance between the first and the second mirrer. Th
mode matching between each recycling cavity and the arniesieian be changed by changing
the distances between the three mirrors and also the déstartbe arm cavity. However, the
change scales in general with the Rayleigh range of the Gadswhich is received or send
out by the mirror that is repositioned. The Rayleigh rangth@apart between the ITM arfes
will be around 200 m in Advanced LIGO. Any substantial chaimg@mode matching in this part
would require to move the mirrors with respect to each otlgesdveral 10 m. This is impossible
given the vacuum contraints in LIGO. On the other hand, tlsis means that even changes in
the distance of up to a few meter will not affect the mode miatz:hirhe Rayleigh range in the
part betweerR, andR; is on the order of a few meters:(4.1 m in the power recycling cavity
and~ 7.7m in the signal recycling cavity). Any substantial changehe mode matching in
this part would also require to move the mirrors by at leagéiss 10cm. Although possible,
this would still require major additional changes as theraléength of the recycling cavities
has to be preserved to ensure that the RF-sidebands aran¢gothe recycling cavities.

The mode matching is only sensitive to the beam expandiegdepes which are formed
betweenR; andRs . The Rayleigh range of the mode propagating between theseniwors
is only= 3.3cm in the PRC aneé: 3.1cm in the SRC. Consequently, any change in the ROCs
or distances on scales of a few cm will change the mode macigmificantly. The fact that
the mode matching is rather insensitive to the other digtsadlows us to optimize the mode
matching without changing the overall lengths of the reiogckavities. Any change in the
distance betweeR, andRs will simply be compensated by also changing the distanogdzat
R, andR; by twice that much; changing the distance betwggand the ITMs would be even
better from a mode matching point of view &4 is a much larger mirror and would require
much more available real estate for this move than the sniilenirror.

This strong sensitivity to the distance betwd@nandRz can also be understood in terms
of ray optics. The field coming frorR, appears to orginate from a virtual point source behind
R,. The distance between this virtual source is roughly halthef ROC ofR; . Rz is then
placed close to half of its ROC away from the virtual focus anghtes an image of the focus
several km away. A small change dR; in the ROC ofR; will change the location of the
virtual point source by abowiR,/2. A change ofR; in the ROC ofR; will change where
the location of the virtual source should be to focus the beathe right spot bydR;/2. As
the image of the focus is several km away, a small change irofthe two radii curvatures
in the wrong direction pushes the image even further outihgah an unstable mode inside
the recycling cavities. However, both changes or deviatiorthe radii of curvatures can be
compensated by changing the distance betWiRseandRs by dL,3 ~ 0R3/2+ dR,/2 creating
again a very stable recycling cavity. Although this will @laffect the beamsizes and reduce
the mode matching again, the change in beamsizes are rathéirasd, as we will see in the
following chapter, will not reduce the modematching sigufitly.

5. Tolerances on the radii of curvatures

Advanced LIGO has to take into account manufacturing toleza in ROCs of all interferom-
eter mirrors. The design of the interferometer should eitigesufficiently insensitive to ROC
mismatches or be flexible to compensate for them. In initl@dQ@, the thermal compensation
system attempts to match the marginally stable PRC to thecawities while at the same time
maintaining a good visibility of the Michelson interferotee A similar system will also be
used in Advanced LIGO but its main goal will be to improve thsgihility of the Michelson
interferometer by matching the two spatial modes comingftiee arms and to compensate for
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Fig. 4. Left graph: The blue line shows the mode matching ¢wer) between the PRC
and the arm cavity eigenmode as a function of the normalizent B PR; ROC. The red
line shows the mode matching between the input field comiog fthe mode cleaner and
the recycling cavity. Right graph: The ROC plotted on letixis and beam size plotted on
right y-axis. For two different values d#Rs ROC, we have the same ROC (and hence a
stable solution) aPR; with 100% mode matching. The modematching as a functioneof th
ROC of PR, behaves similar in terms of absolute error in ROC. The siggwlcling cavity
shows also the same behavior. Here AC: Arm cavity, RC: Rauyclavity, and MC: Mode
cleaner.

any thermal lensing that occurs especially in the ITM suttelr [25]. Consequently, the require-
ments on the mode matching derived in the last section aasstlirectly into requirements on
ROCs of the various mirrors or on our ability to adjust the mathtching.

5.1. ROC Tolerance of PRC and SRC

The recycling mirrorR, (SR) andRs (SR) form relatively fast telescopes inside the recy-
cling cavities. Consequently, the spatial eigenmode &tié recycling cavities is very sensi-
tive to any ROC error in these mirrors. Comparatively, th@aming mirror, i.e.PR; (SR)
has much relaxed ROC error tolerances. For simplicity, wedigcuss PRC in the remainig of
the section as the behavior of SRC is very silimar. The blueecin the left graph in Figure 4
shows the mode matching between the recycling cavity eigelenrand the arm cavity eigen-
mode as a function of the error PR; ROC. It shows two maxima where the modematching is
100%. The reason for the two maxima lies in the dependented®©C of a Gaussmode from
the distance to its waist: 2

R=z+ -F.
z

This function has a minima at= zg. A change in the ROC d?R; will move the waist further
away fromPR,. During the change the ROC of the modeP&y, will run through the minima
and increase again. Consequently, it will match twice toREC of thePRy mirror. The first
solution corresponds to the design Gouy phase of 2.08rakb winé second solution has a
one-way Gouy phase af-2.08=1.06rad. Although the ROCs match, the beam sizesuéie g
different for these two solutions. Therefore, the mode mmatg from the MC is only good for
first solution. Changes in the ROC BR, shows a similar behavior but as the ROC is smaller
the normalized error tolerance is larger. The SRC showsigalg the same behavior.

An increase of the ROC dPRs; of only 0.1% destabilizes the spatial eigenmodes of the
recycling cavities. However, adjusting the distance betweR, and PR; while maintaining
the recycling cavity length by movinBR; by twice the distance allows to regain the stable
recycling cavity modes and improve the mode matching ba@9t898% for deviations up to
+15cm in the recycling cavity mirrors ROCs. Figure 5 showsrittoele matching sensitivity to
the position oPR,. The blue curve shows the mode matching as a functi®Reposition from



its nominal position whe?R, andPR; are at their nominal ROC values. The curve has two
maximums, i.e, one at the nominal position and the other 4(frmm its nominal position. The
reason for the two maxima is again the hyperbolic behavibtheROC of the phasefront as a
function of the distance to the waist. The same behavior earbberved even when the ROCs of
PR, andPRg differ from their nominal values as shown by the green cufve red and golden
curves show the product of mode matching between MC to riegyclaity and recycling cavity
to arm cavityas a function of the position BR,. Again, only one of the maxima in the mode
matching between the recycling cavity and the arm cavitgmigodes coincides with a good
modematching of the input beam. In any case, as the Fig. Sestgjthe expected polishing
error in ROCs ofPR, andPR; can be corrected by appropriately repositioning & and
PRy mirror.
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Fig. 5. The mode matching (in power) as a function of displaeet of R, (it applies to
both PR, and SR) from the nominal position. The blue curve shows the modechiag
between the recycling cavity and the arm cavity for nomin@liRvalues ofPR, and PR3
while the green curve is for -0.5 percent error in the nomR@IC values oPR, andPRs.
The red and the golden curves show the corresponding modshimgtproduct from the
input (or output) mode cleaner mode to the PRC (SRC) modelardftom PRC to the
arm cavity mode for nominal and -0.5 percent error in the R@ises ofPR, andPRs.

The SRC shows a similar behavior, any minor mismatch in thE&€Ean be recovered by ad-
justing the telescope inside the SRC. However, these aagugs will change the Gouy phases
inside both recycling cavities by up to L0This range has to be included in any follow-on
analysis to calculate potential resonances of higher araetes inside the recycling cavities.
Based on our results, the tolerances in the manufactured ddtbese mirrors could be set by
the available space to position the mirrors inside the vacciiamber (typically on the order of
20cm). This translates into a tolerance of 0.5% in ROER§ andSR. Much tighter tolerances
have to be put on our knowledge of the ROCs before the mirarde installed or installation
procedures have to be developed which allow to place theorsiin the appropriate position
for the as-build ROCs.

5.2. Test masses

The expected tolerances in the ROCs for the Advanced LIGQOrtasses are-10m or about
+0.5% of the~ 2000 m ROCs. These deviations from the nominal ROCs will gedhe eigen-



mode inside the arm cavities and will reduce the mode magdbetween the recycling cavities
and the arm cavities. The left graph in Fig. 6 shows the modehiray between the eigenmode
of the PRC and the eigenmode of the arm cavity as a functiohe@ROCs of the two test
masses assuming that the recycling cavity mirrors are @trbeninal position. Note that the
ranges for the ROCs are already a factor of two larger tharatioee mentioned tolerances.
Even without any corrections in the mode matching telesctipemode matching will stay
above 99.5%. This figure can also be used to estimate the misdeitah between the two arm
cavities. In the worst case, the mismatch will be twice wkatthiown in the graph when one
set of mirrors is off by+10m and the other by-10m, respectively. The SRC shows a similar
behavior.

ETM ROC (m)
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Fig. 6. The mode matching (in power) between the power reaychvity and the (average)
arm cavity as a function of ITM and ETM ROC. The left graph skdte mode matching
w/o length adjustments. The mode matching between regychwity and arm cavity after
adjusting the distances inside the beam expanding teledmympmes essentially 100.00%.
The right graph shows the mode matching between the inpueroledner and the power
recycling cavity/arm cavity after adjusting the distanitesde the power recycling cavity.
These adjustments were made without changing the overgjtheof the recycling cavity
and without changing the mode matching from the input mode Mode matching be-
tween the output mode cleaner, the signal recycling caaitg, the arm cavities shows a
similar behavior.

Adjusting the distance betwe®R, andPR; makes the mode matching between recycling
cavity and arm cavity to virtually 100%. However, the moddchang from MC to the recycling
cavity remains greater than 99.1% as shown in the right go&pig. 6. This assumes that the
input mode is fixed. However, we can adjust the input mode Iyséidg the mirrors present
beforePR; or by increasing the power from the laser. A 1% decrease csily &y adjusted by
increasing the laser power without worrying about any adalithermal effects. Similarly, for
SRC, the output MC can be adjusted to the new SRC mode.

6. Summary

The PRC in the current LIGO detector consists essentialffabfirrors and has a transversal
mode spacing well below the linewidth of the cavity. Congaly, the spatial eigenmodes of
the RF sidebands which are used to control all longitudinal angular degrees of freedom



are not well confined. Only the installation of a thermal ection system allowed LIGO to
reach its current design sensitivity. The next major upg@fd_1IGO, Advanced LIGO, will use
power and signal recycling to enhance the carrier and theabkgidebands. In this paper we
describe the new design for both recycling cavities whickeheell defined spatial eigenmodes
and transversal mode spacings well above the linewidthet#vities. We also discussed the
allowed mode matching losses between the recycling cavtnel the arm cavities. The main
part of the paper shows that this new design is flexible en@nghcan be adjusted to easily
accommodate ROC mismatches as long as the mismatches iy seime tolerances.

The authors want to acknowledge the support of the LIGO $ei€vllaboration. Especially
the discussions with Hiro Yamamoto, Peter Fritschel, Mikeit8, Bill Kells, Luke Williams,
Garilynn Bilingsley, Dennis Coyne, Volker Quetschke, @hRReitze, and David Tanner were
very helpful. This work was supported by the National SceeRoundation under grant PHY-
0354999.

7. Appendix

A different concept for the stable recycling cavities wits$ optical components is often men-
tioned as an alternative to the three-mirror design preskntsection 3. This concept uses only
one focusing element in addition to the nominal recyclingrari One version of this concept
is shown in Fig. 7. A focusing len$R,) which could be polished either into the substrate of
the ITM or in the substrate of a compensation plate which Rélllocated directly in front of
the ITM. This lens would focus the beam over the length of #wycling cavity. The second
elementPR; would then be placed inside the Rayleigh range near the whitte mode to
accumulate a reasonable Gouy phase. An alternative desimgplysreplaces the lens with a
curved mirror similar to the curved mirror used in the threieror design.

PR2 IT™
from
the PR1 JAN
laser to the
— —_—
ETM
V

Fig. 7. A two element design for the stable recycling casitiEhis design uses a focusing
lens (PR2) and one curved mirror (PR1). The focusing lensdcbe formed inside the

thermal compensation plate or inside the ITM substratae&tsof a focusing lens, it is

also possible to use a large curved mirror to focus the beam.

The main disadvantage of this design is that the divergengieaf the Gaussian mode
would have to be:
_Witm Wo A

LA oz W

wherew;tm ~ 5.5¢cm would be the beam size &R, L is the distance t®R;, L + A is the
distance to the waistyg is the waist of this mode, arak is the Rayleigh range. A distante
that could fit into the LIGO vacuum envelope without foldimg trecycling cavity furthermore
(which makes this a 3 mirror design)lis~ 25m. The distance betwe@&R; and the waist of
this modeA has to be in the order of the Rayleigh range to have any agtedcouy phase or
transversal mode spacing inside the recycling cavity:
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Solving this forwg gives:

_ Witm Wiy LA
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Using
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4

we can expand the square root and use only the minus sign amtjyheeasonable physical
solution:

LA
T~ 8.5x 10 %m? < 7.6 x 10~ *m? ~

WiTM  WiTM AL 2 AL
_ _ AL ~ 154um
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to calculate the waist of this mode. The beamsiz&Bnwould then be:

WerL = V2Wp = 218um
The Rayleigh range of such a mode is:
R(A=+4zg)=7cm« L

As this is much smaller than the distance betwieBaandPRy, the waist of this mode will also
not change when we move it closerR&; to change the Gouy phase. In general, any solution
which generates a reasonable transversal mode spacitiggtaith a 55cm and having only
25m to work with will have to have a Rayleigh range of about 7amadl beamsizes oRR;
below 25Qum.

Small beamsizes such as this are usually associated wighad@otential problems. First of
all, the intensity oPR; inside the power recycling cavity will reach a few MAah?. This might
cause life time problems with the coatings. Similar to thre¢tmirror cavity, the short Rayleigh
range makes this design very sensitive to ROC mismatchés.céh also be compensated by
changing the distance betweleR; andPR,. This length change would have to be compensated
by also changing the distance betwdd® and the ITM to maintain the overall length to keep
the RF-sidebands resonant. Such a change is impossiblethénércusing lens is polished into
the ITM substrate and virtually impossible when it is poéidhinto the compensation plate (CP)
as the CP is suspended from the same suspension system ¢hArMthThe second design
which uses the large curved mirror could accomodate thisveder, this design requires to
relay the laser beam to the other vacuum chamber and injedbéam from the other side
which does not reduce the number of optical components iarliee setup, it tends to increase
it.

Another problem of the small beamsizes is associated wigimmlent sensing and control.
An angular motion of a cavity mirror will change the appaidength of the cavity if the beam is
not centered on the rotation axis. This piston effect soal#sthe offset from the axis and the
angle by which the mirror rotates. This is independent frobmlieamsize. But interferometric
gravitational wave detectors use wavefront sensing to are@nd suppress the angular motion.
These wavefront sensors measure the amplitude of the ded€t20) and (0,1) Hermite Gauss
mode. The amplitude scales with the beamsize on the rotateorm

aj0= oa TIW.
10= — .
Consequently, our sensing signals will be reduced prapuatito the beamsize while the piston
effect is independent from the beamsize. Larger beams ma&esier to measure and control
the rotation.



None of the above arguments completely rules out the use ahardr design for the recy-
cling cavities, however, it does not appear to have any gdgas over the three mirror design
given the constrains of the current vacuum system and thrertugeneral layout.



