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The Virgo detector will enter soon in a sciertic data taking period. An ambitious upgrade
plan has beenplanned for the next future (Virgo+ project) and for the long term (Adv anced
Virgo project). The set of improvements designed for Virgo+ and their motivation will be
described; few highlights on the Advanced Virgo evolution will be also preserted.
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1 Status of Virgo

The Virgo detector?! is a French-ltalian collaboration aiming to detect gravitational wavesfrom
astronomical sources.Among the other current ground basedgravitational wave detectors, Virgo
is the one having the best designsensitivity at low frequency thanks to the particular seismic
attenuators 2, from which the mirrors are suspended. Construction at the site of Cascina, close
to Pisa (Italy), started in 1996 and endedin July 2003. Sincethen, Virgo is in a very active
commissioning phase. The performancesof the detector are now very closeto the designones
3 which were judged interesting enoughto have a rst sciertic data taking period of about 4
months starting from middle of May 2007. Here are described the last stepsto be doneto reat
the designsensitivity.

1.1 Persisting technical noises

The main performancesof the apparatus are characterized by the sensitivity curve of the in-
strument (Fig. 1). This sensitivity is limited by di erent sourcesof noise* depending on the
bandwidth. At low frequencies(belonv 100Hz), the sensitivity is limited essetially by "control
noises” (angular and longitudinal). In the middle frequency range (100-1000Hz),the limiting
noisesare environmental noisescoupledby various sourcesof di used light. Finally above 1kHz,
the sensitivity is shot noiselimited. Increasingthe input power is currently not possibledue to
thermal lensinge ects in the input mirrors of the Fabry-Perot cavities, which changethe optical
elds resonancepropertiesin the interferometer, and consequetly a ect the longitudinal cortrol
of the cavities. All theselimitations can be described as persisting technical noises.
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Figure 1: Recert Virgo sensitivity curve compared with Virgo design sensitivity

1.2 Towars Vir go designsensitivity

Virgo is currently facing 2 major problems in term of sensitivity performances: di used light
related noisesand input pwer limitation due to thermal lensing e ects. Many activities have
already started to tackle theseissuesand will go on after the rst sciertic run.



Diused light issue

For what concernsthe di used light, we are ghting on 3 fronts: the transmission of the far end
mirrors, the dark port and the re ection port of the interferometer. In eat case,some light
from the main beamis badkscattered and acts asa vector which couplesthe ervironmental noise
(acoustic and seismic) to the interferometer output limiting the sensitivity in various spectral
intervals between 10 and 1000Hz. A huge e ort has beenmade to decreaseboth the amount
of di used light and the acoustic/seismicnoise o or at the di erent interferometer ports. The
mitigation of the ervironmental noiseis essetially done by installing acousticenclosuresaround
the optical bendhesand replacing optical mounts with sti er ones. The mitigation of the di used
light is a more tricky issueasit is very dicult to measure.The work consistsmainly in using
better optics (roughness,coating, large aperture) and dumping all spurious beamsgeneratedby
the optics usedin transmission (this appears particularly critical for the optics in vacuum and
much of our e ort is concerrated on a Brewster plate at the detection port).

Thermal lensing issue

As a consequenceof the thermal e ects °, the interferometer is being run with 7W at the
input instead of the 10W that could be delivered. This has beenshown to be an experimental
limit. Beyond this limit, the resonanceproperties of the sidebands' elds (mandatory to build
the Pound-Drever signals usedto corirol the lenght of the cavities) in the recycling cavity is
changedin such a way that the longitudinal control of the optical cavities becomesunstable.
The phenomenoncan be explexained as follows: the input mirrors of the Fabry Perot cavities
are absorbing some energy (typically, 1ppm/cm for the substrate and 1ppm for the coating).
As the temperature of the mirror is changedin a non spatially uniform way, the optical index
of the material is changedin a proportional way creating a virtual lensin the recycling at- at
cavity. The sidebands,which are resonatingonly in the recycling cavity (and not in the arms FP
cavities asthe carrier), are then degeneratedin higher order modeswhom resonanceproperties
are di erent.

As we are using the optics with the lowest absorption available right now, the only solution is
to implement a thermal lensing compensation system. A conceptbasedon the systemsalready
running in equivalert experiments (LIGO, GEO) is currently being developed and should be
integrated at the beginning of 2008. It consistson a CO2 laser focalized on the mirror with a
shape designedto uniformize the temperature in the substrate.

Another idea has been followed as well, and partially implemented in order to improve the
longitudinal and angular cortrol of the interferometer. The input light is frequency modulated
at an additional frequency so that the sidebands' eld is not resonating in any cavity of the
interferometer and give directly an information in re ection, without dependingon the resonance
properties in the recycling cavity. This signal is already usedfor alignmert purposeand will be
used later on for longitudinal cortrol.

2 Virgo +

The idea of going towards a secondgeneration of interferometers, to get a sensitivity enhanced
by a factor 10 respect to the rst generation, is already concretefor Ligo and in discussionfor
AdvancedVirgo. Thesesecondgenerationinterferometerswill be basedon the infrastructure of
the rst generation, but will needimportant upgradesof the apparatus. In the meartime, there
is the possibility to perform minor upgrades,thus improving signi cantly the sensitivity of the

detector. The list of thesemodi cations have beengathered under the project name "Virgo+"
6



2.1 Virgo nominal sensitivity limitations

The Virgo designsensitivity is limited essetially by 3 kinds of noise(Fig. 2): pendulum thermal

noiseat low frequency suspensionand mirror thermal noiseat the intermediate frequencyrange
and shot noise at high frequency The next sectionsdescribesthe list of proposedreasonable
upgradesto enhancethe sensitivity without any heavy infrastructure changes. These upgrades
have been divided in 3 padkages: "shot noise", "electronics and cortrol" and "suspension".

Reviews are planned during the year 2007to decidewhat is the strategy for the upgrades: all

at the sametime or in sequenceadepending on detector status and R&D maturity.
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Figure 2: Virgo design noise budget

2.2 Shot noise packageupgrade

The rst challengeis to increasethe power reading the interferometer up to 30W. To obtain
this goal, assuming a typical 50% transmission of the IMC, there is the needto add a 40W
ampli er module in the laser chain, a Pre Mode Cleaner cavity (Fig. 3), and to decreasethe
lossesinside the Input Mode Cleaner cavity. Of course,we'll have to deal also with stronger
thermal e ects, in particular in the Faraday isolator and in the input mirrors of the Fabry Perot
cavities.

The ampli er module hasbeenalready acquiredto the LaserZenrum Hannover and is currently
under test. A power of 64W has beendemonstrated on a test bend.

The Pre Mode Cleaner cavity, a triangular 13 cm long cavity ( nesse=500) made of Zerodur
and located in a vacuum tank, will be dewoted to Iter out the amplitude uctuations of the
laser.

Finally, an improvemert of sensitivity will be obtained by enhancingthe power stored in the
interferometer by increasingthe nesse of the Fabry Perot cavities up to 1507,
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Figure 3: Input laser optical scheme for enhanced power

2.3 Electronics and control packageupgrade

The current electronicsand cortrol systemhasbeendesignedfor Virgo sensitivity performances.
In many casesthe cortrol noisesare closeto belimiting factors. Sothere is the needto upgrade
many of the electronicsboardsand the various elemerts of the cortrol chain in general. Already,

many peacesare under developmert: timing system, modulation/demo dulation boards, Digital

Signal Processingboards, quadrant diode front-end electronics, quadrant certering system...

2.4 Suspension packageupgrade

The core optics payloads will be modi ed to deal with the 2 limiting e ects at low frequency:
Eddy current generatedby the coils and thermal noise®. The new payload designincludes a
dielectric referencemass,a stainlesssteel marionette and monolithic fusedsilica b ersattached
to the mirror through silicate bounding and solderedto fused silica clamps at the level of the
marionette.

One speci ¢ payload is on the way to be redesigned:the one of the input mode cleaner. Radi-
ation pressuree ects have beendemonstrated® in the input mode cleanercavity. This issueis
characterised by a changein the transfer function of the mecdanical chain asthe power builds
up in the cavity, thus a ecting the quality of the cortrol of this mirror. A heaviest (larger and
thicker) mirror is being polishedto replacethe presert one. Other minor technical reasonshave
lead to a completely new design of this mirror payload. Another new feature that has been
added s the possibility to displacethe mirror over a wider dynamic range thus allowing change
the phasemodulation sidebands,which are transmitted by the input mode cleanercavity.

One issuehas beenraised during the last year concerningthe all suspensionchain: the ground
tilt e ect. This problem, mainly a ecting the locking stability and interferometer duty cycle, is
under study and new sensorswill have to be setup to cancelthis e ect at the level of the top
stage of the suspensions.

2.5 Noise budgetand performances of Vir go+

The Virgo+ design sensitivity depends on the completion of the various padkages described
above (Fig. 4). The sensitivity could be increasedby a factor 2 to 10 with respect to Virgo,



depending on the frequencyregion. The averagehorizon for NS-NS and BH-BH inspiral range
should be multiplied by a factor 3 to 6. The commissioningphasefor Virgo+ should start in
2008 and end in 2009to start a sciencedata taking period in parallel with Enhanced-Ligoin
2009.

Figure 4: Virgo+ design sensitivity for a Fabry-Perot nesse of 50 (a) and 150 (b)

3 Adv anced Virgo

Evenif a rst detection is possible,the sensitivity of Virgo and LIGO will not be sucient to
open the era of the gravitational wave astronomy. For this reasonit is important to prepare
the upgradesof the presen detector, consideringthat, for a uniform distribution of sources, an
increaseof the sensitivity by only a factor 2 will increasethe expected evert rate by about 219,
The rst goal for AdvancedVirgo is to enhancethe sensitivity by a factor 10 respect to Virgo
designsensitivity. A preliminary designwill be ready by the end of 2007.

3.1 Advanad Vir go project status

Four elds of concernhave beende ned to carry out the designof Advanced Virgo 1. A rst

working group will deal with the "interferometer optical con guration, sensingand control"

and will make essetially the decisionsabout the Signal Recycling cavity, DC detection, new
Output Mode Cleaner cavity, stable Recycling cavity, heavier/larger mirrors. The secondgroup
is in charge of the "laser and optics for high power" to deliver a 100W beam at the input of the
interferometer while taking carethat the optics are compliant with such a high power. Innovative
ideasto useoptical b ersare alsotakeninto accouri. The third group is facing the "suspension
and thermal noise issues” willing to improve the quality of the coatings (in order to reduce
thermal noisee ects and losses)and the monolithic suspensionperformances(in particular the
b ers'geometryto suspendthe mirrors). The last group "electronics and cortrols" hasthe duty
to designa system compliant with the new control requiremens.



Figure 5: Preliminary Advanced Virgo noise budget assuming an input power of 100W, a mirror weight of 40kg,
a recycling gain of 50 and a Fabry Perot nesse of 600

3.2 Major ongoing R&Ds

The main upgrade of AdvancedVirgowill bethe increaseof the input power up to 200W. Already,

the Laser Zentrum of Hannover is working on a 200W ampli cation module to be addedin the
optical path. Sud a high power will add new constraints on the optics like the Electro-Optical

Modulators, the Faraday isolators, the polarizersin term of birefringence and thermal lensing
e ects. Testbendesare on the way to be set up to designcompensation systemswhen needed.
A hugee ort is alsomadein the "all b erssystem" direction. In particular, the possibility to

replacethe Input Mode Cleaner cavity with a b er is under investigation. Main issuesderiving

from higher power will be thermal e ects. Side e ects will concernthe increasein scattering
light.

Thermal problems will require better general performancesfor the mirrors. Studies are being
carried out for lower medanical lossdielectric coatings'?, larger mirrors and corrective coatings.
A peculiar attention is brought on the mirror installation in the tower processto avoid any kind

of contamination.

A new optical con guration and sensingscthemeis neededto include a Signal Recycling cavity,

add extra pick up beamsto improve the cortrollabilit y, change the modulation frequenciesfor
more appropriate ones,designa more stable Power Recycling cavity,... About angular controls,

the choice betweenthe so-calledWard and Anderson technique is under discussion. For longitu-

dinal cortrols, a prototype is going to be set up to test new locking acquisition strategies with

di erent wavelengtts using auxiliary lasers.

The detection optical scheme performancesshould be improved as well. The idea of using DC
detection would improve the sensitivity at high frequency Current problemswith diused light

are also indicating the necessiy to set up all critical optics and sensorsin vacuum and sus-
pended.

Many upgradesare under study for what concernsthe suspensionchain. The top stage perfor-
mancesat low frequencymay be improved by adding tiltmeter sensors.A full scaleprotoype of



fused silica suspensionis projected to test new marionette and referencemassdesign, electro-
static actuators. In parallel, the developmert of laser fabricated silica ribb ons!3 for monolithic
suspensionis pursued.

3.3 Possiblesensitivity and performances of Advanced Vir go

The AdvancedVirgo performanceswill depend obviously on the optical con guration chosen,in
particular with or without Signal Recyclingcavity (Fig. 5). The construction and commissioning
of AdvancedVirgo is planned in parallel with the AdvancedLigo one starting from 2011.

4  Conclusion

The commissioningof the Virgo interferometer hasto cortin ue, after the rst sciencedata taking
in October 2007,to approad Virgo designsensitivity in 2008. Intermediate minor upgradescan
then be implemented to improve the sensitivity of the instrument by at least a factor 2. This
intermediate step is called Virgo+. Changesthat will need major system and infrastructure
upgradesare planned for 2011: AdvancedVirgo has the scope to improve the sensitivity by a
ratio of 10 over nominal Virgo.
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