 
External Review Document for LCGT

	Subgroup Name
	Vibration Isolation

	Subgroup Leader
	Ryutaro Takahashi

Institute for Cosmic Ray Research (ICRR)


	Doc version
	Date
	Description

	2.3
	2012-04-9
	The second external review.


Overview
Definition of Subsystem

This subsystem makes vibration isolation for all optics used in KAGRA. There are two purposes required for this subsystem. One is attenuation of seismic noise in the observation band (>10Hz). The other is reduction of RMS displacement or RMS velocity of mirrors. Three kinds of system are disposed to 21 vacuum chambers (figure 1-1) to accomplish their purposes. Main mirrors, ITM1, ETM1, ITM2, ETM2, are isolated by Type-A system, which consists of an IP, five stage GAS filters and a cryogenic mirror suspension. Other core optics, BS, PRM, PR2, PR3, SRM, SR2, SR3, are isolated by Type-B system, which consists of an IP, three stage GAS filters and a mirror suspension. Small optics, MCF, MCE, MMT, PD, BRT, etc. are isolated by Type-C system which consists of three stage stack and a mirror suspension. Main mirrors are suspended by Type-B payload put on the rigid table in iKAGRA. The configuration in each chamber is shown in table 1-1.

Table 1-1: Configuration in each chamber
	Chamber
	iKAGRA
	bKAGRA

	ITMX, ITMY, ETMX, ETMY
	
	Type-A

	IAOX, IAOY, EAOX, EAOY
	Type-B Payload on rigid table (for ITM/ETM)
	Type-C

	BS, PR2, PR3
	Type-B (Only payload is free. Other parts are used.)
	Type-B

	SRM, SR2, SR3
	
	Type-B

	PRM
	Type-C
	Type-B

	MCF, MCE, MMT
	Type-C
	Type-C

	PD, BRTX, BRTY
	
	Type-C


Type-B system has an outer frame as an interface between this subsystem and the vacuum subsystem. It has not been decided which subsystem contains the outer frame.
The test mass mirrors are cooled to 20K through heat links. Though the fundamental mechanical design for the cryogenic suspensions is included as a task of this subsystem, the detail design is provided by the cryogenic subsystem. The heat links are not included in this subsystem either.

[image: image33.bmp]
Figure 1-1: Disposition of all three kinds of vibration isolation systems.

Important Interface

The location of each mirror is related to the tunnel subsystem, the vacuum subsystem, the main interferometer subsystem and the input/output optics subsystem. The vibration isolation system is enclosed by a vacuum chamber.

The bases of the IP and Stack are supported by rigid supports extending from the ground rock through bellows. This is related to the tunnel subsystem and the vacuum subsystem.

The systems are installed from the top bell-jar of the vacuum chamber. Some parts around the payload are installed from the side access flanges. Signals to control the system are introduced into the vacuum chamber through feed-through flanges. This is related to the vacuum subsystem.

Type-A payloads and heat links are provided by the cryogenic subsystem.

Analog drivers for sensors/actuators and digital controller are provided by the analog electronics subsystem and the digital subsystem respectively.

The suspensions for small optics, except simple mirrors, should be customized by the input/output optics subsystem. The vibration isolation subsystem takes on the task of optical lever from the auxiliary optics subsystem.

Design phase

The design for Type-A SAS, Type-B SAS, and Type-B payload has been finished almost. The design for Type-C system is based on the vibration isolation system in TAMA, but customizations for KAGRA have not finished yet.
iKAGRA
Target specifications
Calculated displacement of the test mass is 9x10-16m/Hz1/2 at 10Hz. This displacement is 20000 times larger than that in bKAGRA. Calculated RMS motions are 2m in displacement and 3m/s in velocity. We accept these values as targets in iKAGRA.

Final Design
General definition

Schematic views of Type-A/B system and Type-B/C payload are shown in figure 1-2 and 1-3 respectively.
1) Payload

We call the mirror suspension “payload” which consists of TM, RM, IM, IRM, BF. Type-A test mass is a sapphire mirror of 22cm in diameter, 15cm in thickness and 23kg in weight. Type-B test mass is a silica mirror of 25cm in diameter, 10cm in thickness and 10kg in weight. Test mass for MC is a silica mirror of 10cm in diameter, 6cm in thickness and 1kg in weight. MC mirrors are suspended by the double pendulum, which consists of TM, IM and IRM. The BF of the recyclers is a modified standard filter, with a rotation stage, three wires supporting the IRM and balancing masses to handle the IM/IRM functionalities.

2) GAS filter chain

Standard GAS filters make a filter chain linked with connection wires. The GAS blades and the connection wires are made of maraging steel. The GAS filter chain is made of a single filter (plus the BF) for the Type-B chains and three filters (plus the BF) for the Type-A chains.

3) Pre-isolator

We call the top part “pre-isolator” which consists of IP and top filter (filter 0). A short IP was employed to obtain performance better than a longer IP’s. The diameter of the top filter is larger than that of standard filter’s to reach lower resonant frequencies and to suspend a larger total mass. We call the combination of pre-isolator and standard GAS filters “SAS”.
4) Optical bench

Type-B towers are also equipped with suspended optical bench below the mirror.

5) Stack

Some optics are placed on the breadboard as a top stage (stage 0).
6) Sensors and actuators

We will use many sensors and actuators as shown in table1-2. Sensors and actuators used in the Type-A payload should be compatible with cryogenics.
Table 1-2: Sensors and actuators

	
	Filter0
	Filter1(-3)
	BF
	IM-IRM
	TM-RM

	Sensor
	ACC(H) x3
ACC(V) x1
LVDT(H) x3
LVDT(V) x1
	LVDT(V) x1
	LVDT(V) x1
	PS(H) x3
PS(V) x3
	PS(H) x2
PS(V) x2
OL x1

	Actuator
	MC(H) x3
MC(V) x1
	MC(V) x1
	MC(V) x1
	MC(H) x3
MC(V) x3
	MC(H) x2
MC(V) x2

	Motor
	STP(H) x3
STP(V) x1
PIC(Y) x1
	
	PIC(H) x2

PIC(Y) x1
	PIC(H) x2
	


ACC: accelerometer, LVDT: linear variable differential transformer, PS: position sensor, OL: optical lever, MC: magnet-coil, STP: stepping motor, PIC: picomotor 

Between Filter3 and BF viewports are foreseen for installation of optional shadow-meters to be used in damping feedback, monitoring the chains suspension wire movements, and therefore the chain’s fundamental pendulum mode.
[image: image2.bmp]
Figure 1-2: Schematic view of Type-A/B system.

[image: image3.bmp]
Figure 1-3: Schematic views of Type-B payload on the rigid table (left) for ITM/ETM in iKAGRA and Type-C system (right). 

Type-B Payload

Schematic view of Type-B payload is shown in figure 2-1. TM and RM are suspended from IM by four tungsten wires respectively. IM is suspended from BF by single Maraging wire filtered by GAS. IRM is suspended from the frame for BF by three maraging wires. Mass and momentum of inertia are shown in table 2-1. Eddy current is not employed to directly damp the payload’s mirror, a magnet suspended from the IM, acting onto the RM damps the internal modes of the RM and indirectly those of the TM.

Table 2-1: Mass and momentum of inertia in the Type-B payload.


[image: image4.emf]M [kg] Ix [m2･kg] Iy [m2･kg] Iz [m2･kg]

BF SUS 103 6.36 0.64 1.23

IRMTi 15.6 0.25 3.81 3.81

IM Ti 12.2 0.12 0.15 0.19

TM Silica 10.7 0.08 0.05 0.05

RM Ti 13.4 0.23 0.18 0.18
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Figure 2-1: Schematic view of Type-B payload.
OSEM

Optical sensor and electro-Magnetic actuators (OSEMs) of design provided by Strathclyde Univ. are used to control the TM and the IM. Four OSEMs are mounted on the RM in a “+” configuration for the recycling mirrors (figure 2-2) and in an “x” configuration for BS. The RM has semicircular cutouts on the sidewall in front of the OSEMs to reduce Eddy current frequency-dependent phase delay effects on the controls. The + distribution was selected so as to separate the hole from the cut necessary for the passage of the suspension wires of the TM. The x distribution for BS was selected so as not to block the 45o incident beams. There is no interference between the semicircle holes and the strips in BS because of the larger RM. Six OSEMs are mounted on the IRM to control motions of RM (figure 2-3) on all its six degrees of freedom. The four OSEMs of the RM act on three degrees of freedom only, pitch, yaw and longitudinal motion. The other degrees of freedom are left free; they are simply damped by the RM Eddy current damper.
[image: image6.png]\
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Figure 2-2: Schematic view of the TM surrounded by the RM in Type-B payload.
Optical lever

An optical lever is used as a local sensor to control the TM angular degree of freedom. The beam for optical levers are introduced through optical ports above and bellow the main beam-line (figure 2-4). The length of the lever is about 1m in each arm. An intensity stabilized Super Luminescence Diode (SLD) with a launching telescope will be used as a light source.

Optical bench

An optical bench is placed below the Type-B payload to support auxiliary optics. The bench is suspended from the IP base by double pendulum with single stage of vertical blade springs. The second stage is damped by Eddy current.

[image: image7.png]nlermediate recoll
Imass (ot and
side removed)





Figure 2-3: Schematic view of IM surrounded by IRM in Type-B payload.
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Figure 2-4: Beam layout of optical lever for Type-B system.
Support structure

The rigidity of the support structures is very important to keep the system from excess seismic noise. The structures are used to fix the Filter1 too.

Type-C system
The design of stack is based on TAMA stack [R. Takahashi et al., Vacuum-compatible vibration isolation stack for an interferometric gravitational wave detector TAMA300, Rev. Sci. Instr. 73, 2428–2433 (2002)]. Rubbers are enclosed by inside independently evacuated bellows to avoid vertical displacement due to the pressure change.
Modeling

Estimated displacement of each mirror using a point mass model is shown in figure 2-5. Only payload parts are used for ITM/ETM in iKAGRA.
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Figure 2-5: Estimated displacement of each mirrors.
Schedule
The schedule along the roadmap is shown in table 2-2.

Table 2-2: Schedule
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Quality assurance
Fundamental characteristic (resonant frequency, optimum load, etc.) are tuned and confirmed by the assembly companies. Final qualities are checked during assembly in the facilities. Controls are tested after assembly.
Installation scenario
Systems used in iKAGRA are summarized in table 1-1. Four main mirrors are suspended by Type-B payload put on rigid tables. Type-B systems are installed into PR2, PR3 and BS chambers, but only payload is free and other parts are fixed because of time limitation for the adjustment of the pre-isolators. Type-C systems are installed into MCF, MCE, MMT and PRM chambers. An accelerated installation strategy may allow improvement of this schedule.
The pre-isolator + filter1 for Type-B system will be pre-assembled in Akeno observatory. The payload for Type-B system will be assembled in Kamioka site. Since the full Type-B system is 3.4-m tall, we can’t transfer it using roads or access tunnels (maximum height of a loaded truck is 3.8m). The two sections (the pre-isolator + filter1 and the payload) are combined in the center experimental hall of KAGRA.

Risk Management
Risk factors are shown in table 2-3.

Table 2-3: Risk factors
	Item
	Explanation
	Impact
	Design/back-up plan
	P
	S
	R

	Difficulties to get Maraging steel
	It is difficult to get Maraging steel used for GAS blades.
	Since two years are needed in the case of new order, the procurement plan will fail.
	The project should keep the whole amount of Maraging steel directly.
	2
	3
	6


bLCGT

Requirements

Displacement of the test mass mirrors must be less than 4x10-20m/Hz1/2 at 10Hz and above. In addition to this, at lower frequency the overall RMS motion must be less than 0.1m as displacement and 0.1m/s as velocity.
Preliminary Design
Type-A system

The design of KAGRA test mass seismic attenuation chain is based on three standard GAS filters, preceded by a pre‐isolation and static‐control stage. The pre‐isolator stage is composed by a larger GAS filter mounted on short Inverted pendulum legs.

The proposed pre‐isolation stage sits directly on the floor of a utility tunnel to take advantage of the rock’s stability. The attenuation chain resides below it, in a 1000mm diameter vertical pipe inside a 1200 mm borehole, which extends to the main LCGT tunnel. The mirror suspension system and its cryostat reside in a separate chamber in the lower tunnel. The minimal rock and reinforced concrete thickness between the two tunnels is 5 meter.
The pre‐isolator sits in the upper tunnel, it is composed by a 50cm tall inverted pendulum, essentially a copy of the successful HAM SAS IP [A. Stochino et al., The Seismic Attenuation System (SAS) for the Advanced LIGO gravitational wave interferometric detectors, Nucl. Instrum. Methods Phys. Res. A 598, 737–753 (2009)], supporting a 1.3 m diameter GAS filter, called Filter0 or Top Filter. The mechanical resonances of the filter0 and of the IP will be tuned substantially below the microseismic peak, at ~50mHz. Some control will be necessary to reach that low resonant frequency [R. De Salvo, at al., The Role of Self Organized Criticality in Elasticity of Metallic Springs; Observations of a new Dissipation Regime, LIGO‐P1000105, (2010)]

The pre‐isolator will be followed by three standard GAS filters tuned below 300mHz. The filters will be equipped with magic wands to lower the attenuation saturation level and improve the performance from 60 dB to 80‐90 dB per filter [A. Stochino et al., Improvement of the seismic noise attenuation performance of the Monolithic Geometric Anti Spring filters for Gravitational Wave Interferometric Detectors, Nucl. Instr. Meth. A 580, 1559–1564 (2007)] [Alessandro Bertolini, private comm. (2010)].

The large vertical separation between the pre‐attenuator and the cryogenic payload allows for long suspension wires between the GAS filters, which in their turn yield lower pendulum resonant frequency (the 2.1 m long wires of figure 1-2 and a three‐filter configuration gives 344mHz pendulum resonant frequency per stage). These lower pendulum frequencies are necessary to match the GAS filter performance and produce uniformly increasing seismic attenuation in all degrees of freedom along the attenuation chain.

Larger separation between the tunnels would allow longer wires and lead to even lower resonant frequency, but the gain is rather slow. For example, a 10m vertical separation between the tunnels would give a 245mHz pendulum resonance. This lower pendulum resonant frequency can be easily matched in the vertical direction with the GAS filter tuning. A simulation was performed to simulate the overall chain attenuation power as function of tunnel separation and evaluate the real gain. The wire lengths required by the minimum tunnel separation was found to produce more seismic attenuation than what required by KAGRA, therefore we decided the separation between tunnels based on mining and rock stability considerations and not on required attenuation power ones.

The biggest concern about operating long attenuation chains is given by the yaw modes of the wire‐filter torsion pendulum. Strong damping is necessary.

To produce the required yaw damping without jeopardizing the attenuation performance, a heavy disk is suspended with three wires from filter0, hovering just above filter1. This filter is loaded with alternated polarity permanent magnets, whose field crosses an OHFC copper plate mounted on the roof of filter1. The Eddy currents will damp all pendulum and torsion pendulum of the chain.

The introduction of magnetic damping will reduce the attenuation performance between filter zero and filter 1, but its ill effects on attenuation do not extend to the rest of the chain. Simulations also showed that more than sufficient attenuation is available upstream of the payload, which also contributes substantial attenuation.

Please refer to this report for installation details of Type-A chains
[image: image11.bmp]
Figure 3-1: Schematic view of Type-A system. The attenuation chain stretches between two separate tunnels. The pre‐isolation stage sits on the floor of the top tunnel, the first and second filter hung inside the 1000mm down‐pipe, while the third of the standard filters is suspended below the ceiling of the lower tunnel for easy access and loading of the cryogenic suspension payload. The filters are equally spaced for optimal damping from the top platform. 

Type-B system

The baseplate for the IP is supported independently of the vacuum chamber by a rigid outer frame to isolate the seismic isolation chain from the vacuum tube resonances. The pre-isolator is the same as Type-A's.
[image: image12.png]



Figure 3-2: Schematic view of Type-B system.
Standard filter

Three standard filters, 730mm in diameter, are foreseen. They will be numbered one to three starting from the top. These three filters will be virtually identical, except for the number and width of the blades implemented inside each filter, which will be chosen to match the payload. Filter 1 will have all 12 blades, while Filter 2 and Filter 3 will have 10 and 8 blades respectively.

The function and the configuration of the standard filter is the same of the TAMA‐SAS filters [R. Takahashi, et al., Operational status of TAMA300 with the seismic attenuation system (SAS), Class. Quantum Grav. 25 114036 (8pp) (2008)] only with larger payload and lower working resonant frequencies. The 12 GAS blades of the standard filter are virtually identical to those used in TAMA-SAS, except for the number of blades and the attachment scheme at the two ends.

The new blade attachment scheme uses separate blades. The blades' tips join at a central keystone. The blade clamps at the outer diameter are mounted on radial slides to allow for easy frequency tuning. This scheme was developed for and successfully tested on the HAM-SAS prototype, and further tested by AEI-SAS and NIKHEF-SAS. It allows easy match of any payload, by simply changing the number of blades per filter, as well as their thickness and width. Up to ~500kg can be suspended from a fully loaded standard filter.

[image: image13.emf]
Figure 3-3: View of a standard filter loaded with 12 blades. The blades are flat at construction. They arch under load and wedge against a central keystone (blue) that support the filter' s payload via a double‐nail‐head suspension wire. Each blade's base is held by a clamp with a 45o blade launching angle. Each clamp sits over the flat base plate of the filter, and can slide forward for frequency tuning. After tuning, the blade clamp is locked by two lip clamps. An end range ring (grey) above the keystone holds the blades under compression when the payload is removed. Six screws mounted on this ring, three pushing against the keystone, and three extending through it, delimit its oscillation range of ~±2mm. Two wands, used to compensate the blade's center of mass effects, and two compensation blades are visible below the 12 suspension blades.
[image: image14.emf]
Figure 3-4: Top and side view of the standard filter. Note the two wands at 4:00 and 10:00 and the bimetal thermal compensation blades at 1:00 and 7:00.
Frequency tuning of the standard filter

To measure and tune its frequency the filter is loaded with a dummy mass. The dummy mass is adjusted until it floats between the end stops. The dummy mass is further adjusted until the vertical point of minimal frequency (maximal compression) is identified. This is the vertical working point of the filter. Its vertical resonant frequency is measured.

The vertical mechanical frequency tune of the filter is then obtained by changing the radial compression of the blades against the central keystone. More compression yields lower resonant frequency, excessive compression leads to bistability.

The radial compression changes are applied on pairs of opposed blades, to maintain symmetric load on the keystones. To change the radial compression a temporary tool is mounted around the lip clamps pushing against the blade clamp. The four screws of the lip clamps are loosened, the two radial screws on the tool are used to advance or retract the blade clamp. The locking screws are finally re‐tightened and the tool is reused on a different blade.

Some details of the construction process of the standard filters, as well as tuning data is documented in a separate report.
Center of mass compensation of the standard filter

The vertical attenuation performance of the bare blades of the filter is limited to 60 dB by the Center Of Percussion (COP) effect. It can be compensated by adding a counterweighted wand in parallel to the suspension blades. The wand (figure 2-3) is hinged on the GAS filter base plate, with the wand on one side, and a tunable counterweight on the other side of the hinge.

The tip of the wand is hinged on the filter keystone.

Stochino demonstrated GAS filter attenuation up to 80 dB with aluminum wands, Bertolini improved it to 90 dB with more rigid Titanium Nitride wands [A. Bertolini, private communication, 2010]. The same magic wands are being used in new Virgo filters built by NIKHEF. E. Hennes and A. Bertolini from NIKHEF are transferring the tuning information to KAGRA so that the KAGRA magic wands will be tuned rapidly and effectively.
[image: image15.emf]
Figure 3-5: Magic wand used to compensate the blade’s center of percussion effect that limits the filter attenuation performance. COP compensation can be tuned by adjusting the position of the two counterweights (blue) along a fine threaded back end.
Thermal compensation issues

Although the seismic attenuation chain itself is not cryogenic, it may be exposed to segments of solid angle at different and changing temperatures. This may lead temperature gradients inside the filter and changes of the filter’s operating temperature.

This is a problem because the Young’s modulus of the maraging blades changes by 2x10-4/oC. The filter payload lifting capabilities change by a corresponding amount, as much as 1 N/oC for a 12-blade filter. In addition temperature gradients may lead to a tilts of the keystone. Steps are necessary to mitigate both effects.
Thermal shielding of the standard filter

To avoid thermal gradients we enclosed the filter in a shell, which defines a local and uniform thermal bath for the blades (see figure 3-6).

The shell has also an important mechanical function. The nose at its center provides a convenient hooking point for the wire that suspend the filter from the previous filter.

This hooking point, as well as the hooking point for the payload on the keystone, is located near the filter center of mass, to produce low frequency tilt frequencies.
[image: image16.emf]
Figure 3-6: The standard filter is fully enclosed into a shell. The shell has two functions: thermal shield against asymmetric thermal loads, and hooking point for the wire that supports the filter.
Thermal compensation of the standard filter
LCGT is expected have transients from warm to cooled state, which, over long time scales, may change the working temperature of the standard filters by a few degrees. This problem will affect mostly the lowest filter, which is technically part of the payload, and will be closest to the cryostat.

To reduce the effects of these transients the filter body will be polished and possibly gold plated on the lower surface exposed to temperature changing colder bodies. A polished bottom will reduce the thermal conductivity towards the colder surfaces below, and slow down the filter thermal response to its transients. The aim is to cause all thermal variations to be slower that the thermalization time inside the shell.

The top surface would be left coarse and oxidized, with the largest possible black body coefficient, to establish preferential thermal equilibrium with the upper vacuum chamber, which is supposedly more thermally stable.

Because of the low frequency tune (soft spring) and of the relatively high thermal changes of Young’s modulus in Maraging (~2x10-4/oC), any uncompensated change in temperature will generate a relatively large change of the filter’s working point.

If necessary, a small electrical heat radiator in slow feedback, illuminating the top of the filter, may be used to maintain a constant working temperature of the filter even in case of cold leaks. Filter1 to 3 and filter0, are not exposed to changing thermal loads from the cryostat.
Wire hooking procedure of the standard filter

The filter’s suspension wires are double nail head wires, machined from a solid rod of Maraging steel, longer but of the same type of the wires used in TAMA SAS.

The split cup fastener type used in TAMA SAS is unsuitable for the function in LCGT. Both the keystone, and the shell nose are provided with receptacles snugly receiving the wire nail head and a side slot, similar to that that allows the insertion of the wire in bicycle brakes (see figure 3-7).

Three screws threaded in the range‐limiting ring (grey) are used to push down on the keystone (blue), separate the keystone from the nose of the shell, and allow for wire insertion or extraction through the side hole.

These screws are reachable through holes in the filter’s shell.
When unloaded the keystone is allowed to rest against the nose of the filter shell and both wires are imprisoned in place.

Both the keystone and the nose of the shell are provided with a replaceable central insert. The relative position between the filter suspension point and the filter center of mass can be changed by replacing these inserts. This relative position defines the filter tilt resonant frequency.
[image: image17.emf] [image: image18.emf]
Figure 3-7: Details of the attachment of the wires to the filter. Side and Top view.

Load corrections of the standard filter

The load carried by the standard filter is fixed by the number, width and thickness of its blades. Most blades will be identical, lifting ~40 kg each. As blades always mount in pairs, eliminating a pair generates a load reduction of ~80 kg.

Smaller steps in payload can be achieved using pairs of narrower or thinner blades.

The standard filter needs to be loaded with its exact payload. After fixing the filter’s nominal payload, the actual payload needs to be fine tuned to the filter’s nominal payload to bring the filter to float at its working point. This fine‐tuning is achieved by adding or removing some ballast mass from the next filter or from the suspension structure below.

This operation should be always performed starting from the lowest filter, and working the way up the chain. Attention must be paid to ambient temperature, as it can change the values of optimal load.

It is foreseen that each filter, weighting ~87 kg when fully loaded with 12 blades, will carry approximately 10% of ballast weight.

Filter 1 is obviously the most loaded, as it has to lift also the mass of filter 2 and filter 3, weighting ~90 kg each. A payload of up to 300 kg is foreseen, with no modifications.
Load reserve
The KAGRA present load requirements are easily met by the proposed standard filter. However future evolution with possibly heavier mirrors may require even larger payloads. It is useful to evaluate how much more load can be imposed on the standard filters by changing blades and without requiring changes of the filter’s physical shape.

Nominally the shape of the blades is such that the radius of curvature is kept as constant as possible along the blade, for optimal use of the material’s strength.

Higher stress levels are also nominally possible [N. Virdone, et al., Extended-timescale creep measurement on Maraging cantilever blade springs, Nucl. Instr. And Meth., A 593 597– 607 (2008)] [M. Beccaria et al., The creep problem in the VIRGO suspensions: A possible solution using Maraging steel, Nucl. Instr. and Meth., A 404 455– 469 (1998)], but not as thoroughly tested as the ones tested at TAMA-SAS, LIGO‐SAS, AEI‐SAS and NIKHEF‐SAS.
Center of mass and Tilt correction of the standard filter

As already mentioned, the tilt resonant frequency is coarsely tuned by changing the relative position between the filter suspension point and the filter center of mass. A fine tune of the tilt resonant frequency and of the static tilt of the filter is achieved by re‐positioning ballast mass. The ballast mass is necessary to adjust the load of each filter; it will be bolted either to the top or bottom plate of the standard filters. Moving some mass from the bottom to the top plate will decrease the tilt resonant frequency and vice versa.

The lateral distribution of the mass changes the static tilt of the filter and can be used to level it.
Pre-isolator

The top filter of the LCGT chain is built to fit inside a 1500 mm diameter vacuum chamber; it is twice as large in diameter as the standard filter to allow for more load, mount over an inverted pendulum horizontal movement and to be tunable at lower frequencies than the standard filter to serve as lower frequency attenuation stage.  

In addition a larger filter allows sufficient space for the horizontal sensors and actuators for the inverted pendulum, and for the attachment of the isolation chain yaw Eddy current damping system.

Please refer to this report for actual assembly details.
[image: image19.png]



Figure 3-8:  Schematics of filter zero inside a vacuum chamber.
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Figure 3-9: Three-D figure of the filter zero.
Filter zero can mount up to 12 blades (A), less than 9 are necessary to suspend the required load.  Three blades are removed to make space for three horizontal accelerometers (B).  The Blades join on a central Keystone (C).  A picomotor controlled rotation mechanism (D) allow the rotation of the suspension wire for fine tuning of the chain and payload yaw.  A platform (E) is mounted above the keystone for an optional vertical accelerometer.  A coaxial LVDT and a voice coil actuator (F) are mounted below the keystone, acting against the filter baseplate.  A stepper motor actuated tuning spring (G) allows fine tuning of the filter vertical working point. The blades are mounted on sliding clamps (H) that allow tuning of the filter resonant frequency, by means of a special tool (I).  Two “magic wand” counterweights (J) null the center of percussion effect of the blades.  The filter baseplate sits on three Inverted pendulum legs (K) provided with magnetic dampers (L) for their internal resonances, and counterweights (M) for center of percussion compensation.  Three stepper motor driven horizontal springs (N), as well as three LVDT position sensors (O) and three voice coil actuators (P), all mounted tangentially at the periphery of the baseplate, control the degrees of freedom of the table.  Inside of the baseplate three hooking points (Q) support the wires of a magnetic damping platform for the rigid body modes of the first standard filter and of the entire attenuation chain.  A number of threaded holes are foreseen for cables. 
The blades used in filter zero are scaled up versions of those used in the standard filter. If the thickness and length are scaled by the same factor using the same profile, the same stress level in the material would be maintained. Simply scaling up the blades of filter zero would require blades 6 mm thick. Each would be carrying 158 kg.  Only 5 mm thick maraging is readily available, for a load of 73 kg per blade, which over 9 blades 120 mm wide at the base makes 657 kg. The width of the blades is not scaled up because there is no need to carry so much load.  Profile style C is tentatively retained, the definitive choice between style A, B, or C will be made after tests with the standard filter prototype presently in production with all three choices of blades. 

The nominal load per blade (adjustable by tuning the width of some of the blades) is 73 kg per blade, which means that only 9 of the 12 blades need to be implemented in the filter.  

Besides the dimensions, the main differences of filter zero from the standard filter are the lack of the external shell, the presence of an angular tuning mechanism on the keystone, used to tune mirror yaw by rotating the entire attenuation chain from its top, and the space to introduce a platform above the keystone to mount a vertical accelerometer, if a suitably sensitive one will be developed.
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Figure 3-10:  Schematic view of the rotational mechanics in the keystone of filter zero.
A picomotor screw (left image, brown) push on a circular clamp (yellow) attached on the rotating cup of the filter. Above the keystone (right image, dark blue) there is a thrust ball bearing (red), which in its turn supports a rotatable cup (brown), which is grabbed by the clamp (light green). The rotating clamp is pushed against the picomotor screw by a spiral spring mounted around the cup, the thrust bearing would have ceramic balls to avoid cold welding under vacuum. 

  The wire (fuchsia) hangs from the bottom of the cup with the usual keyhole arrangement.

Attached to the baseplate (light green) there is a range limiter ring (orange).  The lower end limiting is tuned via three range limiter threaded rods (violet) while the upper end limitation is performed by three screws (darker brown).

The coils of the LVDT and voice coil actuator (light blue) are attached below the keystone.  The permanent magnet and LVDT secondary (orange and brown) are attached to the base plate via six push-pull screws to tune positioning and tilt.
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Figure 3-11: Stepping motor controlled horizontal tuning springs. This design is borrowed by the AEI optical bench design. Leaf blades are used instead of helical blades to tune the working point of the Inverted pendulum bench. The pink braket are for transport only. The green plate moves with the IP table, the stepper motor is bolted to ground. A similar design, with a single blade, is used to set the GAS filter static working point.
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Figure 3-12:  LVDT-Actuator unit for the Inverted pendulum tuning. The back panel is for transport only.
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Figure 3-13: Inverted pendulum configuration complete with center of percussion compensation counterweights and resonance damping magnets. This design is borrowed from HAM- and AEI-SAS.
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Figure 3-14: Left, blade pre-stressing fixture, in preparation to mounting the blades in filter zero.  Right, a special tool holds the keystone in position while blades are mounted on.  Blades are mounted and released in symmetric groups of three to avoid transversal stress on the keystone holder.  After mounting of all blades, the axial stress is transferred from the keystone holding tool to the range limiter fixture (not shown).

[image: image29.png]


[image: image30.png]



Figure 3-15: Blade stressing procedure. The blade is mounted on its clamp on the stressing table, the pre-stressing fixture is secured to the clamp by means of two bolts. A threaded rod with a homo-kinetic joint is attached to the blade’s tip. Spinning the threaded rod pulls the blade’s tip to the tip of the pre-stressing fixture. The blade’s tip is clamped to the fixture and the pulling threaded rod removed. The clamp is unbolted from the table and the blade-clamp assembly is ready for implementation on the filter.
Modeling

The performance of Type-A/B system is calculated using rigid body model.

More detailed results are reported in this report and in Takanori Sekiguchi’s thesis.

The simulations show that more than required attenuation is provided in the GW detection band and that at low frequency sufficiently small residual RMS motion will be achieved by the effects of the Eddy current damper alone.  If need be active damping can be added, either using accelerometer signal, or implementing and using the shadow-meter foreseen on the suspension wire between filter 3 and the payload.

Figure 3-16 shows estimated displacement of the test mass in Type-A system. The isolation above 2Hz is due to a heat link. The 0.3% coupling from vertical displacement is dominant above 20Hz.

Figure 3-17 shows estimated displacement of the test mass in Type-B system. The 1% coupling from vertical displacement is dominant above 2Hz.
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Figure 3-16: Estimated displacement of TM in Type-A system.
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Figure 3-17: Estimated displacement of TM in Type-B system.

Schedule
See section 2-3.

Prototype test

There are four kinds of prototypes to test the final design.
1) Standard GAS filter in NIKHEF and ICRR.
2) Pre-isolator in ICRR.
3) Type-B payload in NAOJ.
4) Full Type-B system in TAMA.
Quality assurance

See section 2-4.

Installation scenario

Type-A systems are installed during iKAGRA commissioning. Type-B systems are installed into PRM, SRM, SR2 and SR3 chambers. Type-C systems are installed into PD, BRTX and BRTY chambers. Type-B payloads in IAOX, IAOY, EAOX and EAOY are removed.
Risk Management
Additional risk factors are shown in table 3-1.

Table 3-1: Additional risk factors
	Item
	Explanation
	Impact
	Design/back-up plan
	P
	S
	R

	Vibration of outer frame for Type-B system
	Seismic motions are increased by resonance of the outer frame.
	Type-B system is designed to have safety margin large enough to achieve aimed isolation.
	Strength and resonance of the outer frame will be investigated in advance.
	2
	1
	2

	Realization of full Type-B test in TAMA
	The resources (budget, man power, etc.) for full Type-B test in TAMA have not been secured yet.
	If the resources were not secured, it is difficult to do full Type-B test.
	The test in SRM during iKAGRA commissioning will become a final test.
	1
	2
	2

	Accessibility into borehole pipe in Type-A system
	It is difficult to access into borehole pipe from the side. It is necessary to draw up SAS in trouble.
	A few weeks are needed to recover the trouble.
	Keep reliability of mechanical and signal connections. Wire spare cables. Establish procedure for re-installation of SAS.
	3
	1
	3


Appendix

A. Design changes that have been made with the suggestions in the first external review

Some configurations were changed in iKAGRA. Type-A SAS with Type-B payload for ITM/ETM was changed to Type-B payload on rigid table. Stack for auxiliary optics in Type-B system was changed to the suspended table. The platform in Type-B payload was changed to the bottom filter.

Seven chambers were added for Type-C system.

Glossary
	SAS
	Seismic Attenuation System

	IP
	Inverted Pendulum

	GAS
	Geometric Anti Spring

	BF
	Bottom Filter

	IM
	Intermediate Mass

	IRM
	Intermediate Recoil Mass

	TM
	Test Mass

	RM
	Recoil Mass

	ACC
	Accelerometer

	LVDT
	Linear Variable Differential Transformer

	ITM
	Input Test Mass

	ETM
	End Test Mass

	BS
	Beam Splitter

	PR(M)
	Power Recycling (Mirror)

	SR(M)
	Signal Recycling (Mirror)

	MC(F/E)
	Mode Cleaner (Front/End)

	MMT
	Mode Matching Telescope

	BRT
	Beam Reducing Telescope

	PD
	Photo Detector


34

_1234567890.unknown

_1234567891.xls
Sheet1

						M [kg]		Ix [m2･kg]		Iy [m2･kg]		Iz [m2･kg]

		BF		SUS		103		6.36		0.64		1.23

		IRM		Ti		15.6		0.25		3.81		3.81

		IM		Ti		12.2		0.12		0.15		0.19

		TM		Silica		10.7		0.08		0.05		0.05
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