B JIABOPATOPUAX MHCTUTYTA

- | .
AT THE LABORATORIES OF JINR

0. A. Byoazoe, b. /lu /Incuponamo, M. B. /Iao1un

Ipeuu3snoHHBIN JIa3ePHbIA UHKIUHOMETP
OUSAU B cocTaBe uHTEPhEepEeHIIUOHHON
rpaBuTanMoHHon anTteHHbl VIRGO

B eBpometickom wmeranpoekre VIRGO mo momcky
TPaBUTAIIMOHHBIX BOJIH MOJYYEHBI MEPBBIE PE3YJIbTaThI
MIPUMEHEHHS MPEIM3HOHHOTO JIA3€PHOTO MHKIMHOMETpa
(IJIN), cozpannoro B OMAU.

Wnes npumenenns [1JIM B coBpemeHHBIX acTpo(u-
3UYECKHUX DKCIIEPUMEHTAX, MPUHAICKAIAS JUPEKTOPY
OUAN B. A. MatBeeBy, BCTpeTHIIa B HAyUHBIX KpyTax pe3o-
HAHCHYIO TTOJ/IEPXKKY 1 ObllIa peann3oBaHa B KpaTdanmme
cpoku. B xone oOcyxaenust ¢ komuteramu (1-p @. Mosbs
n 1p.) B EBpomefickoM KoHcopumyme Mo acTpodusnke
yacTUI[ OBUIO BBICKA3aHO MPEUIOKCHHE HCIIONIB30BATh
IUIN B rpaButannoHHoi antenHe VIRGO. Ha Mexny-
HaponHo! koH(pepeHun 1o actpodmsuke gyactury 2018 1.
B AMcTepaaMe ObUT IPE/CTaBIeH Halll JIOKJIAJ( C JIeTallb-
HbIM ontricanreM mapametpos [IJIN. [Ipodeccop @. Puaun
BO BpeMs IIOCEIICHUS METPOJIOTHUECKON JabopaTopuu

HEPH, tne pacmonoxen I1JIM, o3Haxommics ¢ paboToi
npudopa u onodpuin uzeto ucroib3oBanus [1JIN B yrio-
Bo# ceiicmocTtabmmmsanuu VIRGO. B urore mupexrop
OUSIU B. A.MartBees u nupextop EBponelickoii rpaBura-
monHoi obcepsaropun (EGO) C.KarcaneBac npuHsim
COBMECTHOE pEULICHHE MOJJepKaTh IOMYUECHHbIE pPEKO-
MEHJIalluH KOJIJIET.

B asrycre 2019 r. B OeTEKTOPHOM KOMIUIEKCE WH-
tepdepomeTpudeckoil rpaBuTaOHHON aHTeHHBI (MT'A)
skcnepumenta VIRGO corpynaukamu OUSN M. B. JIs16-
muabM 1 H. C. A3apsHoM, a Takxe corpynuukom [[EPH
Bb. du dxupomamo OBUT yCTAaHOBJICH W 3aIyIICH CO3JaH-
Heiid B OMSIN mperu3moHHBIN J1a3epHBIH HHKIMHOMETP
JUIs. MOHUTOpPUHIA yIJIOBOM MHKpOCEHCMUYECKO aKTHUB-
HocTh (puc.l). Mcmomp3oBaHne WHKIMHOMETpPA YMEHB-
LIUT BO3JCHCTBUE YIVIOBBIX MUKPOCEHCMHUYECKUX HAKIIO-
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JINR Precision Laser Inclinometer
as a Component of the Interferometric
Gravitational Antenna VIRGO

First results have been obtained on the application of
the JINR developed Precision Laser Inclinometer (PLI) in
the European mega project VIRGO on the search for grav-
itational waves.

The idea of the PLI application in modern astro-
physical experiments was brought in by JINR Director
V.Matveev. It was met with resonance support in a sci-
entific circles and was implemented in a very short time.
In discussions with colleagues (Dr. F.Moglia et al.) in the
Astroparticle Physics European Consortium (APPEC),
it was suggested to use PLI in the gravitational antenna
VIRGO. Our report with detailed description of the PLI
parameters was delivered at the International Conference

on Astrophysics in Amsterdam in 2018. While visiting the
metrological laboratory of CERN, Professor F.Ricci be-
came familiar with the device operation and approved the
idea to use PLI in the angle seismostabilization of VIRGO.
As a result, JINR Director V. Matveev and Director of the
European Gravitational Observatory S.Katsanevas took a
joint decision to support the recommendations obtained
from colleagues.

In August 2019, JINR staff members M. Lyablin and
N.Azaryan and CERN staff member B. Di Girolamo in-
stalled and launched a precision laser inclinometer in
the detector complex of the interferometric gravitational
antenna (IGA) of the VIRGO experiment to monitor the
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Puc. 1. Buzyanuzanus perucTpupyeMblx Npelu3nOHHBIM
JIa3epHBIM HHKIMHOMETPOM YTIIOBBIX MUKPOCEHCMUUECKHUX
kosiebanuit B konpepeni-3ane VIRGO. Cnea Harpaso:
H.C. Azapsn, M. B. JIs6aun, b. u [ xuponamo

@INVIRGD MRNEGO:

angle microseismic activity (Fig. 1). Application of the in-
clinometer will diminish the impact of angle microseismic
slopes of the Earth surface on sensitive elements of IGA,
which, in its turn, will lead to the growth of its sensitivity
in the region of frequencies that correspond to fusion of
black holes and neutron stars in the Universe.

The PLI set-up near one of the VIRGO IGA mirrors
was produced in the JINR-CERN-EGO collaboration. For
six months the PLI data (Fig.2) will be compared with the
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Fig. 1. Visualization of angular microseismic oscillations
registered by the precision laser inclinometer

in the VIRGO conference hall. Left to right: N. Azaryan,
M. Lyablin, and B. Di Girolamo

Puc.2. Ilpenu3noHHbIH J1a3epHBI UHKIMHOMETpP, YCTaHOBIICH-
HbIi B J1a0OpaTOpHOM 3ajie MHTEP(EPEHIIMOHHOTO 3epKalia
VIRGO

Fig.2. The precision laser inclinometer installed in the laboratory
hall of the VIRGO interferometric mirror

data of operating seismometers of VIRGO, and a decision
will be taken on the measurement results of a probable ap-
plication of PLI for seismo-isolation of sensitive elements
of the gravitational antenna.

First results showed that PLI detects angular micro-
seismic phenomena with sufficient sensitivity and in full
accordance with the data of VIRGO seismometers that are
installed near it, indicating absence of system errors in the
data obtained at PLI.

When first prototypes of this unique angular seis-
mometer were produced and studied in 2010, it became
clear that it was a new breakthrough method to register
angular microseismic oscillations of the Earth surface.
The development of the method leads to the production of
an automated remote-regulated device that can efficiently
register changes in angular inclinations of the Earth sur-
face in time with a sensitivity of 2.4 - 107! rad/Hz!2 in the
frequency range of 103-12.3 Hz.

The following major directions of application of the
new device were defined:

— measurement of microseismic angular oscillations
of the Earth surface — the source of considerably new in-
formation about geophysical processes inside the Earth;
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HOB 3€MHOH MOBEPXHOCTH HA YYBCTBUTEIBHBIE DJIEMEHTBI
UT'A, 4to, B CBOIO ouepellb, IPUBEJET K YBEITUUCHUIO €€
YYBCTBUTEIBHOCTH B OOJIACTH YaCTOT, COOTBETCTBYIO-
IUX CIMSHUIO YEPHBIX IbIp M HEUTPOHHBIX 3BE3J BO
Bcenennoii.

VYeranoBka [IJIM BOnmu3u oxnoro u3 3epkan MIA
VIRGO Oputa BemonHeHa B coTpymHmuecTBe OVIAN-
IHEPH-EGO. Ha mnpoTskeHHHW 1IeCTH MeCsIeB IoKa3a-
Hus [TJIU (puc.2) OynyT cpaBHUBATBCS C ACHCTBYIOIINMHU
nokazanuaMu cericMomeTpoB VIRGO, u no pesynsraram
n3MepeHnii Oy/IeT MPUHATO PEIIeHHE O BO3ZMOKHOCTH HC-
nosp3oBanus IIJIM nus celicMOM30151UMU 4yBCTBUTEIb-
HBIX 2JIEMEHTOB T'PaBUTALMOHHONW aHTEHHBI.

Ve nepsble pe3yabrarsl nokazanu: [1JIW peructpu-
PYET YITIOBBIE MUKPOCEHCMHUYECKHUE SIBJIIEHUS C 1OCTATOY-
HOW YYBCTBUTEIHHOCTHIO U B IOJHOM COINIACHH C TOKa-
3aHusAMU ceficMomeTpoB VIRGO, ycTaHOBIEHHBIX PAIOM
C HUM, YTO CBHJETEJIBCTBYET 00 OTCYTCTBHM CHCTEMHBIX
omMOO0K B TaHHBIX, Tosrydaembix ¢ TTJIN.

Korma B 2010 1. OpUIH COOpaHBI ¥ UCCIICIOBAHBI IIEP-
BBIE NIPOTOTHIIBI TOrO YHUKAJIBHOTO YITIOBOIO ceiicMOMe-
Tpa, CTaJO MOHATHO, YTO OTO HOBBIH, POPHIBHOW CIIOCOO
pErUCTpaliy YIIOBBIX MHKPOCEHCMUYECKUX KoJieOaHuH
MOBEPXHOCTH 3eMin. Pa3Butue MeToja NpUBEINO K CO37a-
HUIO aBTOMAaTU3MPOBAaHHOTO AMCTAaHIIMOHHO HACTpauBae-
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MOT0 PHOOPA, KOTOPHII MOKET 3P PEKTHBHO PETUCTPUPO-
BaTh M3MCHEHNE YITIOBBIX HAKJIIOHOB MTOBEPXHOCTH 3EMIIH
BO BPEMEHH C UyBCTBHTEILHOCTBIO 2,4 - 1071 pan/Tu!/?
B 4acTOTHOM auamazone 1073-12,3 T

Bbuy orpeieneHsl ciieyole OCHOBHbBIE HalpaBlie-
HUSI IPUMEHEHUST HOBOTO TIprOopa:

— M3MEpPEHHEe MHMKPOCEHCMUYECKUX YITIOBBIX KOJIe-
OaHNit TOBEPXHOCTH 3EMJIM — HCTOYHUKA CYIIECTBEHHO
HOBOW MH(OpMALINK 0 TeoPHU3NIECKUX ITPOIieccax BHYTPH
3emuu;

— MWCIOJIb30BAaHUE JIOJNTOBPEMEHHBIX ~H3MEPEHHUH
YIJIOBOTO HAKJIOHA MOBEPXHOCTU 3eMJIM Ul TIpejcKa3a-
HUSI 3eMJIETPSCEHHH, YTO MO3BOJISIET ONPEAETUTh 30HBI Ha-
KOIUICHHSI CEHCMHYECKOH SHEPTUH 1 KOJIMYECTBEHHO pac-
CUNTATh MOIIHOCTh U BpeMs OyIyIIero 3eMJIeTPSICCHNS;

— MHCIIOJIb30BaHHE 3apPETHCTPUPOBAHHBIX YITIOBBIX
MHUKpPOCEHCMOB Ul CTaOMJIM3AIMK KPYITHOMACIITaOHBIX
¢usngecknx ycranoBok. B IIEPH Bemercs moxaroroBka
perucrpanuy 1epopManyi MOBEPXHOCTH 3eMIIH TIPH TIPO-
XOXK/ICHUH ITOBEPXHOCTHBIX MHKPOCEHCMHUYECKUX BOJIH
B 30HE pacronoxerus LHC;

— CO3/1aHM€ CEHCMOM30JIMPOBAHHONW OINTHUYECKON
1aTOpMBI JUIsl IPOBeACHHS (PU3NUECKUX UCCIICI0BAHUM
B YCIIOBHUSIX MOHIKEHHOTO BO3ACHCTBHUS YITIOBBIX MUKPO-
CEHCMUYECKUX IIYMOB.

— application of long-term measurements of the
angular oscillations of the Earth surface to predict earth-
quakes, which allows one to determine zones of seismic
energy accumulation and calculate quantitatively the pow-
er and time of a future earthquake;

— application of registered angular microseisms to
stabilize large-scale physics facilities. The registration of
the Earth surface deformation in the passage of surface
microseismic waves in the location of the LHC is being
prepared at CERN;

— the development of the seismo-isolated optical
platform for physics research in the conditions of lowered
action of angular microseismic noise.

The European gravitational-wave detector VIRGO,
a French—Italian detector of gravitational waves, is one of
scientific mega projects of Europe where about four hun-
dred scientists take part. It is located near the Italian city
of Pisa (Fig.3). Gravitational waves were predicted by
A.Einstein in 1916, the search for them started half a cen-
tury later but their discovery occurred only decades later.

In September 2015, two detectors of the Laser Inter-
ferometer Gravitational-Wave Observatory (LIGO) in the
USA registered an outburst of gravitational waves pro-

duced in fusion of two heavy black holes at a distance of
about 1.3 billion light-years from Earth. It is important not
only to fix an outburst of gravitational waves but also to
understand where the signal came from in each case. That
is why VIRGO, despite the fact that its sensitivity is a little
lower than in LIGO, plays an important part in the search
for a new outburst.

The main part of the VIRGO detector is the laser
Michelson interferometer each arm of which is 3 km
long. The VIRGO range width of registered frequencies
plus its sensitivity allows one to fix gravitational radiation
from black holes fusion at a distance of up to 50 Mpc.
To achieve the necessary sensitivity, the following devices
were developed for VIRGO: a unique high-power ultra-
stable laser source, mirrors with superhigh reflection coef-
ficient, seismic isolators and other devices. But the prob-
lem of angular seismo-isolation of sensitive elements in
the gravitational antenna in VIRGO is still unresolved.
These are the interferometer mirrors, the dividing plate,
the mirror system in the preparation of the laser beam to
power the interferometer and additional mirrors that or-
ganize recycling of the laser beam in the interferometer.
In total, up to 10 sensitive elements of the gravitational
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EBpornelickuii IpaBUTallHOHHO-BOJIHOBOM JIETEKTOP
VIRGO — (hpaHKO-HTABSHCKAH AETEKTOP TPaBUTAIINOH-
HBIX BOJIH — OJIMH W3 Hay4HBIX MEranpoekToB EBpombl,
B KOTOPOM 3a/IeHCTBOBAHO OKOJIO YETHIPEX COTEH COTPY.I-
HUKOB, PACIOJIOKEH BOJIM3HM HUTAIBSHCKOTO ropoaa I1u3bt
(puc.3). I'paBuTanMoHHBIE BOJHBI OBUIM MpEICKA3aHBbI
OitamTeitHoM B 1916 T, MX MOMCK HaJaics MOIBEKa CITy-
CTsI, HO UX OTKPBITHSI PHUIILIOCH JKJaTh HECKOJBKO Jecs-
TUJIETHH.

B centsaope 2015 . nBa nerekropa JlazepHo-uHTEp-
(depomerpuyeckoll TI'paBHTAIIMOHHO-BOJIHOBOW oOcepBa-
topun (LIGO) B CIIIA 3aduKkcrpoBaiy BCIUIECK TpaBUTA-
LIMOHHBIX BOJIH, POKACHHBIX TIPH CIIMSHUN JBYX TSDKEIBIX
YEPHBIX AbIP HAa PACCTOSHUH OKOJIO 1,3 MIIp/ CBETOBBIX JIET
ot 3emin. Ho BaykHO He TONBKO 3a(hMKCHPOBAThH BCILIECK
TPaBUTAIMOHHBIX BOJIH, HO M TOHSTH, OTKYy/la B Ka)JOM
KOHKPETHOM CITydae MpHIlea curHai. VIMeHHO mostomy
VIRGO, HecMOTps Ha €r0 HECKOIBKO MEHBIIYIO UyBCTBH-
TENBHOCTh, YeM y LIGO, urpaer BaxHyIO poJib B TIOMCKE
MCTOYHMKA HOBOTO BCILIECKA.

OcHoBHas udacTh Jerekropa VIRGO — nasepHsii
unTepdepomerp MalikenbcoHa, KaKA0€ IIEY0 KOTOPOro
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nMmeet uHY 3 kM. [upokuii anana3oH perucTpupyeMbIx
gactot getekropa VIRGO B COBOKYITHOCTH € €r0 4yBCTBH-
TEIBHOCTHIO TIO3BONIACT 3a(pUKCHPOBATH TPABUTAI[IOHHOE
M3IyYCHHUE OT CIUSHHUNA YEPHBIX IBIP HAa PACCTOSHUHU IO
50 meranapcek. UtoObl 10CTHYL HEOOXOIMMOI 4yBCTBH-
tenbHOCTH, 17151 VIRGO Obutn pa3paboTaHbl: yHUKAIbHBIN
BBICOKOMOIIIHBIA  YIBTPacTaOMIBHBIN JTa3epHBIA HCTOU-
HHUK, 3€pKajia CO CBEPXBBICOKUM KO3(duimeHToM orpa-
JKCHUSI, CEHCMHUUYCCKUE U30JISITOPI U JPYTUe YCTPONCTRA.
Ho o cux mop B rpaButanmonHoii antenne VIRGO ne
pelieHa 3aja4ya yrioBOd CEeMCMOU3ONAINNA YyBCTBUTEIb-
HBIX 3JICMEHTOB aHTECHHBI. DTO MPE¥KJIC BCETO 3epKalia HH-
tepdepomerpa, neNUTENbHAS MJIACTUHKA, CUCTEMa 3epPKal
B IOJTOTOBKE JIA3EPHOTO IMy4yKa Ui MUTaHUs HHTEpde-
pOMeTpa M JIOTIOJIHUTEIBHBIC 3epKalia, KOTOPhIC OpraHu-
3yIOT PEIMKIMPOBAHUE Ja3epHOTO Jiyda B HHTEpdepome-
Tpe. Beero Tpebyercs celiCMOU30IMPOBATh OT YITIOBBIX
KoJeOaHUI MOBEPXHOCTH 3eMii 10 10 4yBCTBHTEIBHBIX
JIIEMEHTOB TPaBUTAIIMOHHON aHTeHHEI. [loaTOMY B HacTo-
sifee BpeMs TPaBUTALMOHHAS aHTCHHA MIPOIOIDKAET pado-
TaTh B YCIOBUSIX MHTEHCHBHBIX MUKPOCCHCMUYIECKUX IITy-

Puc. 3. I'paBurarmonnas antenaa VIRGO (BHI ¢ BEICOTBI ITHYBETO TTOJIETA)

Fig. 3. Gravitational antenna VIRGO (bird’s eye view)
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MOB, KOTOPbIE YXY/IIIAIOT €€ UyBCTBUTEILHOCTD B 00JIaCTH
gactoT oT 1 mo 10 I'mr.

Ocob6ennoctu [VIM OUAN — peructpanus 3aBH-
CHMOCTH YIJIOB HAaKJOHA OT BPEMEHU M OTCYTCTBHE pe-
30HAHCHBIX SIBICHUH B KOHCTPYKLUHHM WHKJINHOMETDA,
YTO MO3BOJISIET HCIONB30BAaTh MPUOOpP B CHCTEMax OH-
JTaiH-cTaOMIN3alnH ONITHYECKON MITaT(GOPMBI OT YIIIOBBIX
MUKpOcelHcMOB. VIMEHHO 3TOT acleKT BOJHYeT OoJbIie
Bcero cotpyaankoB VIRGO.

JlelicTBUTENBHO, NIPU HAKJIOHAX OCHOBAaHUS HMHTEp-
(hepomeTpHUECKOTO 3epKajia MO/ I€HCTBHEM YIIIOBBIX MHU-
KpOcelicMOB IIPOMCXOJUT HAKJIOH MECTa T0/[BECA 3epKaIa,
YTO HPUBOJUT K €ro MEepPEeMEINICHHUIO B TUIede HHTepdepo-
MeTpa Ha HECKOJIBKO MUKpOMeTpoB. [Tockonbky nogooHOE
CMEIIEHNE TOUYKH IO0JBECA HOCUT MEPHOINYECKUH Xapak-
TEp, TO 3TO COMPOBOXKAACTCS MApaMETPUIECKUM BO30YX-
JICHUEM KOJIeOaHusI IoBeca C 3e6pKaioM Ha PE30HAHCHBIX
YacTOTaxX TAKXKEe B HANPABICHUH IUIeYa HHTep(epoMeTpa.
COBOKYITHOCTB THX KOJIeOaHUI HOCHT HETIPeCKa3yeMbIit
XapaKTep, U YMEHBIIUT X aMIUIUTYLy BO3MOXKHO TOJIBKO
YCTQHOBKOI OCHOBaHHMS IOZIBECAa 3€pKaja B HEM3MEHHOE
TOPU30HTAIILHOE IOOKeHUe. IMEHHO 3Ta 3a7a4a U sBJs-
€TCsl IPUOPUTETHOH 11 ucnonb3oBanus [IJIM B cucreme
WTI'A B VIRGO.
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Co3manme KOMIUIEKCA YIJIOBOM CEHCMOM3OISINN
aktuBHBIX AnmeMeHToB MI'A VIRGO monpasymeBaet co-
3JaHNE TPOEKTa MOJEPHHU3ALUHN YCTaHOBKH. sl 3TOTO
HEO0OXOIMMO TIPOBECTH UCCIIEIOBAHUS Ha IPOTOTHIIE CEi-
CMOW30JIUPOBAHHOW OT YIVIOBBIX KoJeOaHWH TOBEPXHO-
cti 3emiH mIaTGopMbl. 3aTeM Ha OCHOBE MOTYYCHHBIX
Ha MIPOTOTHIIE PE3YIBTATOB CIPOEKTHPOBATh, N3TOTOBUTH
U yCTAHOBHUTH JIEMEHTHI YITIOBOH CEHCMOM3OIALUM IS
3epKajl, JeIUTEIbHON IIIACTHHKU U IPyTUX 4yBCTBUTEIb-
ueIx nmemerToB UI'A VIRGO. Ho yxe ceitdac ects yBe-
peHHoCTh: ucnonb3zoBanue I1JIM nomoxeT Ha qBa nopsa-
Ka YyMEHBIINTH Bo3neiicTBue Ha smeMenTsl MTA VIRGO
YIJIOBBIX MUKPOCEHCMUYECKIX KoJeOaHM B 001acTH da-
cror 1073-10 ', uto 0e3yCIIOBHO MOJIOKHUTEITHHO CKaXKEeT-
Csl Ha €€ UyBCTBUTEILHOCTH.

antenna are necessary to seismo-isolate angular fluctua-
tions of the Earth. That is why at present the gravitational
antenna is operating in conditions of intense microseismic
noise, which worsens its sensitivity in the region of fre-
quencies from 1 to 10 Hz.

The peculiarities of the JINR PLI are the registration
of dependence of slope angles on time and the absence of
resonance phenomena in the construction of the inclinom-
eter, allowing one to use the device in on-line stabilization
systems of the optical platform from angular microseisms.
This aspect is most interesting for the VIRGO staff.

Actually, in inclination of the interferometric mirror
base under the action of angular microseism, a slope oc-
curs in the place of the mirror suspension, leading to its
moving several micrometers in the interferometer arm. As
this displacement of the suspension place has a periodic
character it is accompanied by parametric excitation of the
fluctuations of the suspension of the mirror in resonance
frequencies also in the direction of the interferometer arm.
All these fluctuations are unpredictable, and it is possible
to diminish their amplitude only if the mirror suspension
is stabilized in the horizontal unchangeable position. This

task is of the priority importance in PLI application in the
IGA system in VIRGO.

The development of the complex for angular seis-
mo-isolation of active VIRGO IGA elements means the
work-out of a project of the facility refurbishment. It is
necessary to conduct studies at the prototype of the plat-
form seismo-isolated from angular oscillations of the Earth
surface. Then, based on the results obtained at the proto-
type, it is possible to design, produce and install elements
of the angular seismo-isolation for the mirrors, the divid-
ing plate and other sensitive elements of VIRGO IGA.
Today there is certainty in the fact that application of PLI
will help to two orders diminish the action on the VIRGO
IGA elements of the angular microseismic oscillations in
the frequency range of 1073-10 Hz, which obviously will
positively influence its sensitivity.




