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Abstract

A review of the mainfeaturesof resonantmassgravitationalwave (g.w.) detectors
is given. After a brief surwey of their main characteristicswith a particularattention
to the news on eachof them,recentexperimentaresultsarepresented.

1 Main characteristics of the detectors

Resonantassdetectorof g.w., “ in operation”,arecylindrical bars,whoseendface
vibratewhenthebaris hit by ag.w.. Thebarendfacedisplacemenf\ L is proportional
to the dimensionlessvave amplitudeh = %, whereL is thelenghtof thebar The
measuremendf the displacements doneby meansof transducersyell coupledto

thebar, thatcorvertthe displacemeninto anelectricsignal. Typically, resonantnass
detectorave two resonancérequenciess (10 — 30) Hz apart,wherethe sensitvity

is atits best. The systemparametershatdeterminehe sensitvity are:

e themassM of thebar Givenamaterial thesensitvity improveswith themass;

¢ thebartemperaturd'. Thesensitvity increasedy coolingdown thebar. In fact,
thedisplacemenof the bardueto the thermalnoisedepend®n the squareroot
of thetemperaturé (AL = 107" matT=3K, AL = 3-107'® mat7T= 300
mK);

e the merit factor (Q of the bartransduceisystem,proportionalto the time the
enegy releasedy thesignalremaingnto thebar. Thehigherthe @ thebetteris
the sensitvity.

Resonanbarg.w. detectors are[1]:

Allegro: 2300kg Al antennajocatedin BatonRouge(Louisiana,USA). Opera-
tional sincetheyear1991.Cooledat4.2K.

Auriga: 2230kg Al antennalocatedin Legnaro(Padova, Italy). Operationakince
theyear1997.Cooledat 200 mK, with aliquid heliumdilution refrigerator

Explorer: 2270kg Al antennalocatedat CERN (Gene&re, CH). Operationakince
theyear1990.Cooledat2.6 K.

Nautilus: 2260kg Al antennalocatedin Frascat{Roma,ltaly). Operationakince
Dec.1995.Cooledat 130mK, with aliquid heliumdilution refrigerator

Niobe: 1500 kg Nb antennalocatedin Perth(WesternAustralia). Operational
sincetheyear1993. The bar materialis Niobium, with high @ factor It is cooledat
5K.

Thesensitity of thedetectorgo g.w. signalsis determinecby , the noise spec-
tral amplitude (or strain sensitivity), in units of 1/4/Hz. Fig.1 shaws the strain

thecooling of thebarbringsalsoothermajoradwantagessuchastheincreasingpf themeritfactorandthe
possibility of usingsuperconducting hencelow-noise,devices.
2] will uselower casecharactergor the detectomamesevenif thenameis anacrorym.
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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/v/Hz. The strain sensitivity at the two
resonances is h = 3- 1022 /v/Hz

sensitvity of Nautilusin the 1999run. At the resonancegandover a bandwidthof

~ 1 Hz):
ho/T/(MQ)=3-10"2* /vHz (1)

The bandwidthdependsonly on the transducerand amplifier. It can be increased
by improving the couplingof the bartransducesystemand/orby reducingthe noise
temperaturef theamplifier

Thesedetectorsallow to investigatevariousclasse®f signals:

e Bursts, thataresignalsfrom Supernea explosion,fall of a bodyinto a black
hole, final mege of the coalescencef a binary system. The expectedsignals
areshortpulsegafew mseach).Thesensitvity to burstsh depend®n & andon
the bandwidth® B. The expectedsignalon Earth,if a Superneaexplosionin
the GalacticCenterreleased % of My into g.w., is h ~ 1018, Optimumfilters
andcoincidenceanalysedetweerthedetectorsareneeded?, 3].

e Continuous waves, thataresignalsfrom rotatingneutronstarsor starsin binary
systemsThesignalis expectedo bealwayspresentluringtheobsenationtime.
Thesensitiity 4. to continuousvavesdepend®n i and,at leastideally, on the
squareroot of the obsenationtime ¢ ;.

e Stochastic background (SB), producedy ahighnumberof uncorrelatea@vents.
At leasttwo detectorsproperlylocatedandoriented,areneededThe sensitvity
depend®nthenoisespectrabmplitudesof boththe detectorandonthesquare
root of the overlappingfrequeny bandwidthand obsenationtime. A detailed
discussioron SB (theoryandexperiments)s givenin [4].

A new importantactvity is the developmentof sphericaldetectors. Groupsin
Brazil, in The Netherlandsaindin Italy areworking to develop small sphericaldetec-
tors[5, 6] (CuAl spheresdiameter=65m, mass=1.15on) thatwill exploit the high
frequeng rangex 3kHz.

%in the approximatiorof constant:, for SNR=1andfor a1 msburst,we get: b = 0_(;% 1/ WiB.
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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 T, for each detector. From bottom to top: Explorer (T,;,s=659
days), Nautilus (T,,s=553 days), Allegro (7,;s=852 days), Auriga (T,»s=221 days), Niobe
(T,»s=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 Newson thedetectors

Resonang.w. bardetectorshave beenoperatingsincemary years.Fig. 2 shows the
operatiortimes,from Jan1997upto June2001.Allegro, whichis alsovery stationary
atalevel of h ~ 110718, hasreachedhebestduty cycle, with 852daysof operation
from August 1997 up to March 2000. After the joint effort of taking asmuchdata
aspossibleduringthe years1997-2000to performthe coincidenceanalysiswith the
IGEC observatory [7], someapparatusebave been“switched off” and othersare
goingto be switchedoff in orderto make importantimprovements:

¢ Allegro hastakendatauntil March2000,thenhasbeenrelocated It is now go-
ing to beagainon the air. Thestrainnoisewill bethe sameasin the 1997-2000
run: A ~ - 102! //Hz, over 1 Hz. Onegoalnow is to runin coincidence
with LIGO. Then,thebarwill beequippedwith a2-modetransduce(originally
designedby SolomonsonGeng,JohnsonHamilton and developedin collab-
orationwith the group of Paik, Maryland),anda Wellstood SQUID amplifier,
expectedo reach300 . Thenew systemwill have abandwidthof 60 Hz, atthe
level h ~ 1-10~2' 1/v/Hz. Detailsaregivenin [8].

e Auriga hastakendatauntil Aug 1999, with 4 ~ - 1022 /v/Hz, over 2 Hz
(thatis, for bursts,h ~ -10~1 ). A new readout(a new doublestageDC
SQUID amplifieranda new transducerandnew mechanicabuspensionéwith
attenuatior860db 1kHz)arebeingtested.Thesystemwill beoperative before
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the end of the year2001. The expectedstrainnoiseis (Phasd, at 7'=1.5 K):
h~ -10722/\/Hz attheresonancesndh 102! /v/Hz over40Hz;
after 1 year(Phasdl, at7=100mK): A ~ - 1022 /s/Hz attheresonances,
andh  10~2! /v/Hz over80Hz. Detailsaregivenin [9].

e Explorer: thetransduceandthe SQUID have beenreplacedn theyear1999.
The detectoroperatesagainsincethe beginning of the year2000. Exploreris
now working atthelevel h ~ - 107! . Thereis somework to do to increase
the @) of the transducerandto reduceextra noise acting on the SQUID, that
increaseshe level of the electronicnoise. The expectedstrainnoiseis 4: h ~
1-10~2! /\/Hz attheresonancesndh  3-10~2! /v/Hz over30Hz. Cosmic
ray detectorswill beinstalledaroundthe bar. Detailsaregivenin [10].

e Nautilusis still operatingwith A ~ 3 - 1022 //Hz, over 1 Hz. (thatis h ~

-1071). It will beturnedoff at the beginning of the year2002°. The bar

will be changedandthe new systemwill work at 935 Hz, wherewe expecta

pulsar asremnantof the SN1987A[11]. A new transduceanda new SQUID

amplifier (the sameusedfor Explorer)will be used. The expectedstrainnoise

is:h~ -102 /v/Hzoveraverysmall( 1 Hz)bandwidth Detailsaregiven
in [12].

e Niobe hastakendatauntil the endof 1997. Then,the readoutsystemhasbeen
improved, by usinga new very low noise wave amplifier The wave noise
hasbeenconfirmedat about10timesthe quantumimit. Cosmicraysdetectors,
providedby theUniversityof Adelaide have beeninstalledto testfor thecosmic
ray interactionsasobsenedby Nautilus. The barhasbeencooleddown again
onFeh 2001,andhasworkedatthelevel h ~ ( — )-107! (thatcorresponds
to therecordnoisetemperatureafterthefiltering, of 00 K). It is still expected
someimprovement,working on the apparatus PresentlyNiobe is not working
dueto a power failure (occurredon June,18 ) that causedthe failure of the
thermalvacuum.Detailsaregivenin [13].

Fig.3 shavs the previsionsfor Auriga, comparedo the strainnoisein the 1997-1999
run. An interestingwork is alsoin progressn the Auriga groupto testa new readout
system,basedon a Fabry-Perotcavity installedbetweenbar andtransducer Details
canbefoundin [14]. Theactualstrainnoiseof the Explorerdetectoiis shavnin fig.4,
comparedo theexpectations.

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

3 Resultsand planned analyses

3.1 ThelGEC analysis

Theresultsof thefirst analysiswith the 1997-199&lataof thefive detectorof IGEC,
InternationalGravitational Event Collaboration have beenpublished15]: a new up-
per limit on the eventsin the Galaxy hasbeenput, sinceno g.w. burstsabore h =

- 10~!® have beendetected.New data,that cover the period Jan1997 - Dec 2000
have beenexchanged.A new exchangingprotocolhasbeenfollowed, sincewe de-
cidedto exchangea much more detailedinformation on the events®. Preliminary
resultshave beendiscussedy G. Prodi at this Conferencg16]. It is interestingto

“thesevalueshave alreadybeenreachediuringtheyear2000,but the SQUID working pointwasnot stable
enoughto guarante@ properduty cycle of theapparatus.

SExplorermustbe turnedoff during Christmas sinceCERN closes thuswe want Nautilusto operate.In
JanuaryExplorerwill beagaincooleddown andthenNautiluswill be warmedup for improvements.

Swe have alsoaddednformationon the statusof the detectorswith thetime.



3.2 Thesearchor Continuousvaves 5

Figure 3: The Auriga expected strain noise, 1/v/Hz, 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 0% of thetime (1322days).Fig.6 shovsthedetails.

3.2 Thesearch for Continuous waves

Upperlimits for signalsin the GC and Tucanaehave beenput by the Allegro group,
usingthreemonthsof datain 1994[17]. A procedureo searchfor periodicsources
hasbeendevelopedby the Romegroup,andhasbeenappliedto the dataof Explorer,
searchingor sourcesn the GalacticCenter[18]: no signalswith amplitudegreater
thanh, = - 1072 , in the frequeny range(921.32-921.38Hz, were obsened
usingdatacollectedoveratime periodof 95.7days,in 1991.

An overall sky searchbasedon a proceduradevelopedby A. Krolak andcollabo-
rators[19] is now runningon Explorerdata.We areanalysingtwo daysof dataanda
bandwidthof 0.8 Hz. Sofarwe have analyzedl million pointsof theparametespace,
by choosingrandomlyspin-davn parameterand position. We expectto put limits at
thelevel h, = 3-10-2 [20Q].

Incoherentinalysisoverthewhole1991dataof Explorer(se€21] for adescription
of the apparatusand datain 1991)is in progress,in collaborationwith A. Krolak.
A collaborationwith Virgo hasalso beenestablishedfo apply to the Explorerand
Nautilusdatathe Romestratay for the pulsarsearch.

The decisionof tuning Nautilus at the frequeng 935 Hz of the neutronstarin
the SN1987A(thusgiving up the increasingof the bandwidth)is justified by the fact
thatthe estimation[11] of the signalon Earthgivesthevalueh, ~ 10~2 that, with
the expectedstraink = - 10~2 //Hz, canbe reachedevenwith a few monthsof
obsenation. In fact, sinceall parameter®f the sourceare known, we get (SNR=1,
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Figure 4: Explorer strain noise 1/v/Hz. 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 (.



3.2 Thesearchor Continuousvaves 7

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.



3.3 Thesearchor StochastiBackground

tobs =1 year):
he=h( 3 Hz)\/ [tops ~1 -1072 2)

This searchcould alsobe donewith the Auriga detectorif the decisionto change
thebaris taken.

3.3 Thesearch for Stochastic Background

A limit ( 0) hasbeenput by cross-correlatingew hoursof Explorerand
Nautilusdatain theyear1997[22]. Limits on lessthantheunity canbeachieved
cross-correlatinglatafrom abar/barcoupleor from a bar/interferometecouple:

e thecross-correlatiomf 4 monthsof NautilusandAuriga data,at the sensitvity
expectedby theyear2002,would put thelimit 01.

¢ joint analyseg23] with Virgo, Nautilusand Auriga may put limits at the level
3— 10~ (with 1yearof integration,theexpectationgor Nautilusand

Auriga (Phasdl), andh( 00 Hz) ~ 10~22 //Hz for Virgo).
e the two groupsLigo and Allegro, operatingtwo detectors40 km apart, have

plannedto do SB searchesassoonasboththe detectorswill be operatie. De-
tails can be found in [24]. Using Ligo | andthe actual Allegro sensitity 7,

the limit that will be putis 0 1 (oneyear of data,analysedat pieces
of 2-3 months[24]). With Ligo Il andthe improved Allegro this limit will be
-107 .

3.4 Cosmicrays

Nautilusis equippedwith cosmicray (c.r.) detectors.Thefirst coincidenceanalysis
betweerthec.r. eventsandthe Nautilusdatahasshown, with a very significantcorre-
lation (morethan20 standardieviations),thatthe passagef c.r. excites,asexpected,
the first longitudinalmodeof the bar [25]. A secondanalysishasshowvn very large
coincidentsignalsat a ratemuchlargerthanexpected[26]. The largestsignalcorre-
spondgo anenegy releasdn the barof 87 Tev. Thetwo analyseglo not contradict,
sincethefirst wasdoneusingsuchcriteriato look only for signalscorrespondindo a
very small enegy releasan the bar, assuggestedby the theory The secondanalysis
startedafter the obsenation, by chance of very large Nautiluseventsin coincidence
with c.r. events. Several explanationsare possible. A detaileddiscussiorhasbeen
givenatthe Conferencéy F. Ronga[27].

Cosmicraysdetectorswill beputon Explorer, andtheexperimentwill checkif the
anomalousbsenationis relatedto superconductvity®. Cosmicraysdetectorshave
beenput nearNiobe, andthe coincidencesxperimentthatis goingto be doneis very
important,sinceit may checkif theeffectis relatedto the barmaterial.
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