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Abstract

A review of themainfeaturesof resonantmassgravitationalwave(g.w.) detectors
is given. After a brief survey of their maincharacteristics,with a particularattention
to thenewsoneachof them,recentexperimentalresultsarepresented.

1 Main characteristics of the detectors

Resonantmassdetectorsof g.w., “ in operation”,arecylindrical bars,whoseendface
vibratewhenthebaris hit by ag.w.. Thebarendfacedisplacement

���
is proportional

to thedimensionlesswave amplitude �����	�� , where
�

is the lenghtof thebar. The
measurementof the displacementis doneby meansof transducers,well coupledto
thebar, thatconvert thedisplacementinto anelectricsignal.Typically, resonantmass
detectorshave two resonancefrequencies��

����������� Hz apart,wherethesensitivity
is at its best.Thesystemparametersthatdeterminethesensitivity are:� themass� of thebar. Givenamaterial,thesensitivity improveswith themass;� thebartemperature� . Thesensitivity increasesby coolingdown thebar. In fact,

thedisplacementof thebardueto thethermalnoisedependson thesquareroot
of thetemperature1 (

����� �������
� m at � = 3 K,
��� � �"!#�������
$ m at � = 300

mK);� the merit factor % of the bar-transducersystem,proportionalto the time the
energy releasedby thesignalremainsinto thebar. Thehigherthe % thebetteris
thesensitivity.

Resonantbarg.w. detectors2 are[1]:
Allegro: 2300kg Al antenna,locatedin BatonRouge(Louisiana,USA). Opera-

tional sincetheyear1991.Cooledat 4.2K.
Auriga: 2230kg Al antenna,locatedin Legnaro(Padova,Italy). Operationalsince

theyear1997.Cooledat200mK, with a liquid heliumdilution refrigerator.
Explorer: 2270kg Al antenna,locatedat CERN(Geneve,CH). Operationalsince

theyear1990.Cooledat2.6K.
Nautilus: 2260kg Al antenna,locatedin Frascati(Roma,Italy). Operationalsince

Dec.1995.Cooledat 130mK, with a liquid heliumdilution refrigerator.
Niobe: 1500 kg Nb antenna,locatedin Perth(WesternAustralia). Operational

sincetheyear1993. Thebarmaterialis Niobium, with high % factor. It is cooledat
5K.

Thesensitivity of thedetectorsto g.w. signalsis determinedby &� , thenoise spec-
tral amplitude (or strain sensitivity), in units of �('*) H + . Fig.1 shows the strain

1thecoolingof thebarbringsalsoothermajoradvantages,suchastheincreasingof themerit factorandthe
possibilityof usingsuper-conducting,hencelow-noise,devices.

2I will uselower casecharactersfor thedetectornames,evenif thenameis anacronym.
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Figure 1: Nautilus strain sensitivity during the 1999 run. The x-axis is the frequency, in
the range 900-930 Hz. The y-axis is in units of 1 ' ) , + . The strain sensitivity at the two
resonances is &� � ��!*��� �.-/- ' ) H +

sensitivity of Nautilus in the 1999run. At the resonances(andover a bandwidthof0 � Hz): &�2143 �5'6
7�8%9� � ��!*��� �.-/- ' ) H + (1)

The bandwidthdependsonly on the transducerand amplifier. It can be increased
by improving thecouplingof thebar-transducersystemand/orby reducingthenoise
temperatureof theamplifier.

Thesedetectorsallow to investigatevariousclassesof signals:� Bursts, that aresignalsfrom Supernova explosion,fall of a body into a black
hole, final merge of the coalescenceof a binary system.The expectedsignals
areshortpulses(afew mseach).Thesensitivity to bursts� dependson &� andon
the bandwidth3 : . The expectedsignalon Earth,if a Supernova explosionin
theGalacticCenterreleases�<; of �>= into g.w., is �?�����6�@�A$ . Optimumfilters
andcoincidenceanalysesbetweenthedetectorsareneeded[2, 3].� Continuous waves, thataresignalsfrom rotatingneutronstarsor starsin binary
systems.Thesignalis expectedto bealwayspresentduringtheobservationtime.
Thesensitivity �.B to continuouswavesdependson &� and,at leastideally, on the
squareroot of theobservationtime CAD/EGF .� Stochastic background (SB),producedbyahighnumberof uncorrelatedevents.
At leasttwo detectors,properlylocatedandoriented,areneeded.Thesensitivity
dependson thenoisespectralamplitudesof boththedetectorsandon thesquare
root of the overlappingfrequency bandwidthandobservation time. A detailed
discussionon SB (theoryandexperiments)is givenin [4].

A new importantactivity is the developmentof sphericaldetectors. Groupsin
Brazil, in TheNetherlandsandin Italy areworking to developsmall sphericaldetec-
tors [5, 6] (CuAl spheres,diameter=65cm, mass=1.15ton) thatwill exploit the high
frequency range�H� kHz.

3in theapproximationof constantIJ , for SNR=1andfor a 1 msburst,we get:
JLK MNO/P OQO/R#S TU<V .
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Figure 2: Operation times of the detectors, from Jan 1997 up to June 2001. The x-axis
are days, from 1 Jan 1997. The numbers in the rectangular regions are the total number
of days of observation � DWEXF , for each detector. From bottom to top: Explorer ( � DWEXF =659
days), Nautilus ( ��DWEXF =553 days), Allegro ( ��D/EXF =852 days), Auriga ( ��DWEXF =221 days), Niobe
( ��D/EXF =200 days). The y-axis is different for the various detectors, e.g, for Allegro it ranges
from 4 (detector off) to 5 (detector on).

2 News on the detectors

Resonantg.w. bardetectorshave beenoperatingsincemany years.Fig. 2 shows the
operationtimes,from Jan1997upto June2001.Allegro,which is alsoverystationary
ata level of � 0 �Y!Z�[�����
$ , hasreachedthebestdutycycle,with 852daysof operation
from August1997up to March 2000. After the joint effort of taking asmuchdata
aspossibleduring theyears1997-2000,to performthecoincidenceanalysiswith the
IGEC observatory [7], someapparatuseshave been“switchedoff ” andothersare
goingto beswitchedoff in orderto make importantimprovements:� Allegro hastakendatauntil March2000,thenhasbeenrelocated.It is now go-

ing to beagainon theair. Thestrainnoisewill bethesameasin the1997-2000
run: &� 0]\ !^�����_-`� / ) , + , over 1 Hz. Onegoal now is to run in coincidence
with LIGO. Then,thebarwill beequippedwith a2-modetransducer(originally
designedby Solomonson,Geng,Johnson,Hamilton anddevelopedin collab-
orationwith the groupof Paik, Maryland),anda WellstoodSQUID amplifier,
expectedto reach300 a . Thenew systemwill haveabandwidthof 60Hz, at the
level &� 0 �5!*�[���.-b� 1' ) , + . Detailsaregivenin [8].� Auriga hastaken datauntil Aug 1999,with &� 0]c !6�[���_-W- / ) , + , over 2 Hz
(that is, for bursts, � 0d\6e f !6�[���@�Ag ). A new readout(a new doublestageDC
SQUID amplifieranda new transducer)andnew mechanicalsuspensions(with
attenuation360db h 1kHz)arebeingtested.Thesystemwill beoperativebefore
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the endof the year2001. The expectedstrainnoiseis (PhaseI, at � =1.5 K):&� 0 i !*�[���_-W- / ) , + at theresonances,and &�kjl�[���_-`� / ) , + over40 Hz;
after1 year(PhaseII, at � =100mK): &� 0m\ !6�[���.-/- / ) , + at the resonances,
and &�njl�[���.-b� / ) , + over80Hz. Detailsaregivenin [9].� Explorer: the transducerandtheSQUID have beenreplacedin theyear1999.
The detectoroperatesagainsincethe beginning of the year2000. Explorer is
now working at the level � 0oc !��[���@�Ag . Thereis somework to do to increase
the % of the transducerand to reduceextra noiseacting on the SQUID, that
increasesthe level of the electronicnoise. Theexpectedstrainnoiseis 4: &� 0�p!W�[���_-`� / ) , + at theresonances,and &�kj��q!/�����_-`� / ) , + over30Hz. Cosmic
ray detectorswill beinstalledaroundthebar. Detailsaregivenin [10].� Nautilus is still operating,with &� 0 �L!������_-W- / ) , + , over 1 Hz. (that is � 0\6e f !����6�@�Ag ). It will be turnedoff at thebeginningof theyear20025. Thebar
will be changed,andthe new systemwill work at 935 Hz, wherewe expecta
pulsar, asremnantof the SN1987A[11]. A new transduceranda new SQUID
amplifier (the sameusedfor Explorer)will be used.Theexpectedstrainnoise
is: &� 0Hi !`���6�.-/r / ) , + overaverysmall( js� Hz) bandwidth.Detailsaregiven
in [12].� Niobe hastakendatauntil theendof 1997. Then,thereadoutsystemhasbeen
improved, by usinga new very low noise t wave amplifier. The t wave noise
hasbeenconfirmedat about10 timesthequantumlimit. Cosmicraysdetectors,
providedby theUniversityof Adelaide,havebeeninstalledto testfor thecosmic
ray interactions,asobservedby Nautilus. Thebarhasbeencooleddown again
onFeb. 2001,andhasworkedat thelevel � 0 
 c � f ��!<��� �@�Ag (thatcorresponds
to therecordnoisetemperature,afterthefiltering, of f ���ut K). It is still expected
someimprovement,working on the apparatus.PresentlyNiobe is not working
due to a power failure (occurredon June,18vxw ) that causedthe failure of the
thermalvacuum.Detailsaregivenin [13].

Fig.3shows theprevisionsfor Auriga, comparedto thestrainnoisein the1997-1999
run. An interestingwork is alsoin progressin theAuriga groupto testa new readout
system,basedon a Fabry-Perotcavity installedbetweenbar andtransducer. Details
canbefoundin [14]. Theactualstrainnoiseof theExplorerdetectoris shown in fig.4,
comparedto theexpectations.

Fig.5 shows the expectationfor Nautilus,with the new bar andthe new readout
system.

3 Results and planned analyses

3.1 The IGEC analysis

Theresultsof thefirst analysiswith the1997-1998dataof thefivedetectorsof IGEC,
InternationalGravitationalEventCollaboration,have beenpublished[15]: a new up-
per limit on the eventsin the Galaxyhasbeenput, sinceno g.w. burstsabove � �c !6�[�����
$ have beendetected.New data,that cover the periodJan1997- Dec 2000
have beenexchanged.A new exchangingprotocolhasbeenfollowed, sincewe de-
cided to exchangea much more detailedinformation on the events6. Preliminary
resultshave beendiscussedby G. Prodi at this Conference[16]. It is interestingto

4thesevalueshave alreadybeenreachedduringtheyear2000,but theSQUID working pointwasnotstable
enough,to guaranteea properduty cycleof theapparatus.

5Explorermustbe turnedoff duringChristmas,sinceCERNcloses,thuswe wantNautilusto operate.In
JanuaryExplorerwill beagaincooleddown andthenNautiluswill bewarmedup for improvements.

6we have alsoaddedinformationon thestatusof thedetectorswith thetime.
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Figure 3: The Auriga expected strain noise, �(' ) H + , with the new read-out system and
suspensions. The figure shows also the strain in the 1997-1999 run: note the improvement
on the bandwidth.

notethat,over a total time of 1460days(4 years),at leastonedetectorwasworking
for the y��#; of thetime(1322days).Fig.6shows thedetails.

3.2 The search for Continuous waves

Upperlimits for signalsin the GC andTucanaehave beenput by the Allegro group,
usingthreemonthsof datain 1994[17]. A procedureto searchfor periodicsources
hasbeendevelopedby theRomegroup,andhasbeenappliedto thedataof Explorer,
searchingfor sourcesin the GalacticCenter[18]: no signalswith amplitudegreater
than � B � \�e yz!_��� �_-A{ , in the frequency range(921.32-921.38)Hz, were observed
usingdatacollectedovera time periodof 95.7days,in 1991.

An overall sky search,basedon a proceduredevelopedby A. Krolak andcollabo-
rators[19] is now runningon Explorerdata.We areanalysingtwo daysof dataanda
bandwidthof 0.8Hz. Sofarwehaveanalyzed1 million pointsof theparameterspace,
by choosingrandomlyspin-down parameterandposition. We expectto put limits at
thelevel � B � ��!*�[���_-Wr [20].

Incoherentanalysisoverthewhole1991dataof Explorer(see[21] for adescription
of the apparatusand datain 1991) is in progress,in collaborationwith A. Krolak.
A collaborationwith Virgo hasalso beenestablished,to apply to the Explorer and
NautilusdatatheRomestrategy for thepulsarsearch.

The decisionof tuning Nautilus at the frequency 935 Hz of the neutronstar in
theSN1987A(thusgiving up the increasingof thebandwidth)is justifiedby the fact
that the estimation[11] of thesignalon Earthgivesthevalue �.B9�d���6�.-/| that,with
the expectedstrain &� � i !6�[���_-Wr / ) , + , canbe reachedeven with a few monthsof
observation. In fact, sinceall parametersof the sourceareknown, we get (SNR=1,
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Figure 4: Explorer strain noise �<' ) H + . The actual situation is represented in the top curve,
with the calibration peak. The expectation with the actual parameters, including the extra-
noise, is also represented (dotted curve). The other two curves (the first and the second
curve from the bottom of the figure) represent the expectations with reduced noise and
increased % .
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Figure 5: The Nautilus expected strain noise. The system will be very sensitive at 935 Hz,
to look for the pulsar in the SN1987A.
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Figure 6: Net observation times, obtained with the 5 detectors of the IGEC collaboration.
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CAD/EXF � � year): �}B � &�p
Gh~y�� f , +#�Z3 \ '(CADWEXF 0 � e�f !u�[� �.-/| (2)

This searchcouldalsobedonewith theAuriga detector, if thedecisionto change
thebaris taken.

3.3 The search for Stochastic Background

A limit ( ���b��j i ��� hasbeenput by cross-correlatingfew hoursof Explorer and
Nautilusdatain theyear1997[22]. Limits on � �b� lessthantheunity canbeachieved
cross-correlatingdatafrom abar/barcoupleor from a bar/interferometercouple:� thecross-correlationof 4 monthsof NautilusandAuriga data,at thesensitivity

expectedby theyear2002,wouldput thelimit ���`��j�� e � .� joint analyses[23] with Virgo, NautilusandAuriga may put limits at the level� �b� j���� f !/�[���_r (with 1 yearof integration,theexpectationsfor Nautilusand
Auriga (PhaseII), and &�p
Gh~y*��� , +�� 0 �[� �.-/- / ) , + for Virgo).� the two groupsLigo and Allegro, operatingtwo detectors40 km apart,have
plannedto do SB searches,assoonasboththedetectorswill beoperative. De-
tails can be found in [24]. Using Ligo I and the actualAllegro sensitivity 7,
the limit that will be put is � �b� j�� e � (oneyearof data,analysedat pieces
of 2-3 months[24]). With Ligo II andthe improvedAllegro this limit will be� �b� j i !u�[���.{ .

3.4 Cosmic rays

Nautilusis equippedwith cosmicray (c.r.) detectors.The first coincidenceanalysis
betweenthec.r. eventsandtheNautilusdatahasshown, with a verysignificantcorre-
lation (morethan20 standarddeviations),thatthepassageof c.r. excites,asexpected,
the first longitudinalmodeof the bar [25]. A secondanalysishasshown very large
coincidentsignalsat a ratemuchlarger thanexpected[26]. The largestsignalcorre-
spondsto anenergy releasein thebarof 87 Tev. Thetwo analysesdo not contradict,
sincethefirst wasdoneusingsuchcriteriato look only for signalscorrespondingto a
very smallenergy releasein thebar, assuggestedby the theory. Thesecondanalysis
startedafter the observation,by chance,of very largeNautiluseventsin coincidence
with c.r. events. Several explanationsarepossible. A detaileddiscussionhasbeen
givenat theConferenceby F. Ronga[27].

Cosmicraysdetectorswill beputonExplorer, andtheexperimentwill checkif the
anomalousobservation is relatedto super-conductivity8. Cosmicraysdetectorshave
beenput nearNiobe,andthecoincidenceexperimentthat is going to bedoneis very
important,sinceit maycheckif theeffect is relatedto thebarmaterial.

References

[1] Allegro: http://gravity.phys.lsu.edu;Auriga: http://www.auriga.lnl.infn.it;
Explorer,Nautilus: http://www.roma1.infn.it/rog(site under construc-
tion. Up to now we recommendto visit the Data analysispages);Niobe:
http://www.gravity.pd.uwa.edu.au

[2] S.D’Antonio, in this Proceedings

[3] A. Ortolan,in this Proceedings

7thatis thesensitivity thatAllegro is expectedto reachonceit will beoperative again
8Al becomessuperconductingat ��� K.



REFERENCES 10

[4] M. Maggiore,Phys.Rep.331,6, 2000

[5] O. D. Aguiar, in thisProceedings

[6] A. De Waard,in this Proceedings

[7] IGECsiteon theWEB: http://igec.lnl.infn.it/

[8] S.Heng,in this Proceedings

[9] J.P. Zendri,in this Proceedings

[10] M. Visco,in this Proceedings

[11] Middleditchet al.,New Astronomy, 5, 243,2000

[12] E. Coccia,in this Proceedings

[13] D. Blair, in thisProceedings

[14] M. DeRosa,in this Proceedings

[15] Z.A. Allen etal., Phys.Rev. Lett. 85,2000

[16] G. Prodi,in thisProceedings

[17] B. Hamilton,in theProc.of the2ndAmaldi Conference,CERN1997

[18] P. Astoneet al, printing on Phys.Rev.D (scheduledissue:Dec2001)

[19] P. Astone,P. Borkowsky, P. Jaranowsky, A. Krolak, gr-qc/0012108submittedto
PRD

[20] Detailshavebeenreportedby A. Krolak, at GR16,Durban,July2001

[21] P. Astoneet al.,Phys.Rev. D 47,2,1993

[22] P. Astoneet al, A&A, 351,1999

[23] S.Vitale et al.,Phys.Rev.D, 55,1997

[24] S.Finn,A. Lazzarini,gr-qc/0104040.Printingon PRD,2001

[25] P. Astoneet al.,Phys.Rev. Lett., 84,2000

[26] P. Astoneet al.,Phys..Lett. B, 499,2001

[27] F. Ronga,in thisProceedings


