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Search for periodic gravitationai radiation sources

Ii Riics

o Noise Studies and Advanced Diagnostics ,k Controls;
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Overview of Group and Goals

N4ichigarr Gravity \\'ave Group*

Dick GusJafson Senior Research Scientist 2 Years @ 40 Meter

Keith Riles Associate Professor 1 Year @ 40 Vleter (sabbaticai)

Jamie Rollins Undergraduate 7 months @ 40 Vleter
(thesis work)

Goals

o Analyze 40-N4eter Data for Periodic Sources

o Anaiyze Early LIGO Data for Periodic Sottrces

o Develop Search Algorithms/firgines for the

Al1 Sky Survey Problem

o Study Systemic Noise in LIGO I for Advanced LIGO

o Develop New Diagnostics. Controls, atrcl

Control Aleorithrns for LIGO

'sttppotlt:r1 }x' \SF I)H\'96()l i97 (9/96)
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Michigan Research at the 40 Meter

Srulrnrarv of fescrlrc:h.

o We have supported the 40 Meter Recycling Demonstration
Experiment

o We have supported and now lead the clemonstration of
lvave front sensing (VVF S)

o \A/e will take responsibility for data taking in the fuli recy-

cling configuration

R,ec;r:nt status of the 40 \lctcr'

The goocl news:

o Achieved recycled. fullv" locked state

o Prototizpical DAQ and clata clisplarl' s)'stem in place

o \\ave front sensing control demonstratecl on ser,'eral sns-

pended test rnasses (old & nelv slrspel]sions)

Gravity Wave Detection and Astrophysics K. Riles
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Michigan Research at the 40 Meter

The bad ne\\is:

o Norse llerforrnarlce worse thari previous best
(Liorr-rec)'cled with liigfier arn] fi'esse)

r Noise varies fronr stationary to transient to glitches

o Largc iirtcusitr, fluc;tuirtions obscrvcd in full,
dorrble-arrrl locli

o lJnerlrecterl servo signs in fuil 1ocl< (lFO croupling issue)

o Starblc locl< rcquircs clclibcrate misalignmcnt of
ono tcst ltlass oricnta,tion

o Clrlonic' in-uacua Poc:kel cell failures
(Clcll neeclecl for RF phase modulation)

\\'e have helped to understand and
fir manlr o1 these problems f puzzles

Gravity Wave Detection and Astrophysics Ii. Riles
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Michigan Research at the 40 Meter

The 40 il,{erter Crew in 1998:

Caltech

N4ark Colesl, Bill Kells, Jerrny Logan2,

Nergis Mava1vala3, Steve Vass

U. \'lichigarr

Dick Gustaf,son. Iicith R,ilcs. ,J:rnrie R.ollinsa

Short-term Visitors

Rtrffaele Flarninio (Virgo), Iioji Arai (Tama)

1De1>artecl in June for Livingston

lDeparted in Septenrber for JPL

'JBe'gtrn l0II rvork in Septenrber

lBegnn -l0N,l u'ork in \lay

Gravity Wave Detection and Astrophysics K. Riles
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Michigan Research at the 40 Meter

iururrrciiatr: 40 Nierter' .eorrls:

o Compiete demonstration of recycling

o Implement simultaneous wave front sensing control of
end masses and recycling mirror

o Identify and fix lvorst noise sources

o Take data

Gravity Wave Detection and Astrophysics K. Riles
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Michigan Research at the 40 Meter

Surnur&ry sf \{ichigar} contributiolrs to 40 \{eter:

o Diagnosis / elimination of various electrouic noise sources*

o Modification of analog electronics moduies for improved
performance / sensitivity

o Shakedou'n of data acer-risition system

o Enhancement of data display prograrr]

o Commissioning of digital control system for
wave front sensing

o hnplementation of warre front sensing of encl nrasses

(in progress)

o Investigation of Pockel cell failure

o Design / fabrication of beam shr-rtter f locator devices*

o General suirport of recvcling clemoustration experiment
(clar,-to-c1a1' operation / maintenarlce. nreasurenrents)

* To l;c clisc'ussecl belou- bi' Gustaf'sorr

Gravity Wave Detection and Astrophysics Ii. Riles



Michigan Research at the 40 Meter

(rrou' rnnning at Htnrfrircl)

o Trvo-channel correlation displays

Enhernr'eurcnts to dlrta displav 1)rogrilrrl

o Trigger

o Real-tirne graphics manipulation

o Time frequency analysis (r,vaterfall, carpet plots)

Coiunrissiorring of digital \\'FS control

o Rei,vrote N{lT control soft\ivare for 40 Vleter configuration

o Investigated maximurn sampling rate

o Irrrplemented poie/zero, double pole/zero,
rcsonant garn filters

o Createcl EPIOS-based control panel for setting pedestals,

gains. offsets, fiiter pararneters, etc. ancl for obtainrng
status, l]unencal reaclings, etc.

Gravity Wave Detection and Astrophysics K. Riles
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Michigan Research at the 40 Meter

Inrplernentation of nrtl\'e front scnsing

o Demonstrated simultaneous digital IVFS control of
pitch & yaw for bearn spiitter and recycling mirror

o Demonstrated digital VVFS control of east end ya\,v

- Complicated by' old suspensions, 2nd ya\,v resonallce

- Can run VVFS in place of optical lever control
or in parallel

o Now implementing for pitch and for south end mass

(at iower priority)

o Hoire to substantiailv kill large intensity variations in arm
light clue to differential yar,v / pitch flirctuations

Inr-cstrgatiorr of Por:kcl ccll f'trrlurcs

. Strorlg suspicion: chronic failure due to heating in vacllurn

o Hcating caLrsecl ll' RF nrocluiation

o Short-terni solutiort:

- Rcclu('e lnorlulirtiorr irtclex r,rrher] nrl]ninq

- Turn ofl moclulzr"tiori at niqht
+ degradation rate much redr-rced

o Lung-tcnn soiution: heat-conductrng substrates
(prototr'1re readl' for testiug at next venting)

Gravity Wave Detection and Astrophysics Ii. Riles
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Michigan Research at the 40 Meter

Rernarl<s

o We have attained hands-on familiaritv r,vith the 40 iVleter

o We understand the interferometer and its control

o Improving interferorneter performance is essential and is an

appealing chalienge rve r,velcome

o But we a,re not primarily interferometer scientists

o \\e are ch'i\rerr ltv the astritplivsic:s

o Oul goal is ciiscovcl'\' .t invcstigation of grin'itr' \\ril\rcs

r Orir al)1)i'o:rch is flnvorc'rl 1)\r ollr' hlgh ('rrergv exlrr:r'ierrce:

- \la.jor contlibrrf,iorrs to irrstnrr]teltt trtiotr

- Datir aritlvsis taliing irrto rlccorirrt rletailerl
i nst rlllllerlt a1 rrhosi-rrc:lrrirsies

Gravity Wave Detection and Astrophysics K. Riles
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Michigan Research at the 40 Meter

A r rr / r-r]A1]tll\isls nopcs / rlarrs

o Record ^,1-2 weeks rec)rcling-configuration data
by end of 1998 with all (=130) DAQ channels active

o Clrar actertze data - Identifir:

- Pathologies

- Noise sources

- Correlated channels

o Search in data for periodic gravity wave sollrces

- Exercise in analyzrng real data

- Exercise in cleveloping algorithrris

- No signal expected

- But interesting broaclband lirnits possibie

Gravity Wave Detection and Astrophysics I(. Riles
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LIGO Research at Michigan

Plans fix Long Tcrur LIGO R.esctrrch ln Aun Arbor

o \A/rap up 40 Vleter analysis

o Search LIGO I data for periodic sources

o Develop aclvanced wa\re front sensing for advanced LIGO

Adclition of postdoc to grorlp essential to these eflbrts

Gravity Wave Detection and Astrophysics I(. Riles
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Search for Periodic Sources

\dost lrrourising lrenoclir: sourcc):

R.otatiug Nerrtron Stars

But axisymrnetric object rotating abor-it symmetry aris
generates NO radiation

Racliation rcquircs an eu,vnlmnrctry e1 pc:rturbation

lL c( €e

o Pokriclal clliptic;itr' (iiatural) + u-obblc arnglc:

/L o( €p x 0v,

(lrlcccssiorr clirr: to rliflcl'('rlt / arrcl d arcs)

o Ecpratolial ellipticitr' ( "hill" 
):

Notation: irenceforth e - {e" or e, x 0y,}

Gravity Wave Detection and Astrophysics Ii. Riles
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Search for Periodic Sources

\]orlrrlrrtions / clrifts c'orrrnlir;trtr: arteth.sis ('nor'ltrousir':

Seriorrs techrriceri difficultr': Doppler nrotiorr

o Frecltrencv rnochriation frclur earth's rotatiori (: = 10-6)

o Frequency rnodrilatiou fronr eartli's oririt (l = 10-4)

Additional, related complications:

o Daily amplitude modr-ilation of antelrna pattern

o Spin-dolvn of source

o Orbital motion of sources in binarv svstems

o Srnrplc Fouricr transfonrt irtaclc:qurite

o Evt rv sliv clirec'tion reclrrires diflerent denrodula"t,ion

+ All-skv s11r\-eJ' - Fornririalrle I inf rigrrirrg- challenge

Brrt tn-o sr,rbstantial benefits come frorn these cornplications:

o R r.alit1, of signal confirnrccl by neecl for corrections

o Corrections give precise direction of source

Gravity Wave Detection and Astrophysics K. Riles



tq

Search for Periodic Sources

Possible contributions to e :

o Pressure from trapped B fields =* density perturbations

oHistoryofcoo1ingcrust(but..starqttakeS,'forcee,<

o Gravitational radiation reaction

- f modes (CFS rnstability, high frequency)

- r modes (1ow frequency)

- (but only in limited temperature range - short lived)

o Accretion of matter from binary cornpanion

- Perhaps best mechartism for sustrrinecl large e

- Can clrive botli e, ancl d1y

- But orbitai motion complicates anah'sis

Gravity Wave Detection and Astrophysics Ii. Riles
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Search for Periodic Sources

V\itrert about rniilisecond pulse-r,r's?

o Okl stars spun up lly accreticln fi'orn long-ago conlpanion

o Nor,r' slor'r'ly spinning clorvn

o Spin clorvn ratc:s constrain e to bc srnall (<= 10-8)

o Lorig-terur anriealing dnves € clorvnr,r,'arc1

o Yor-ulger. ionger-periocl stars shoulcl be less annearled

oB1t lL o( gz + Intrisictrily rvcaker for givcln €

Gravity Wave Detection and Astrophysics K. Rilcs
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Search for Periodic Sources

Data analysis is major challenge

o Investigations by Brady et al., Schutz grolrp find that
brute-force techniques severely limit integrated observing
time for an all-sky search

o \\rith forseeable computers, must invent clever aigorithms

o "Heirzrrchicai searches" (coarse scanning follor,ved by fine
scanning if signal indicated) seems reasonably promising

o Techniclue used so far: "pre-stretchitrg" of data (Doppler
corrections) foilowed bv Fourier transform

o Other icleas: clirect tirne a\reraging, algorithms exploiting
first DSP moclules

o \\ e belier.e that rntirnate tinclerstartding of the instrument
u'ill be essential in ertracting crediirle signal

o \\,e look foru'arcl to the challenge

Gravity Wave Detection and Astrophysics Ii. Riles
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Search for Periodic Sources

Remarks

o Have ernphasizecl the difficulties in cletecting neutron stars

o But the search is nonetheless attractive and intriguing

- Potentially many electromagnetically quiet,
rincliscovered neutron stars in our galactic neighborhood

- lVe simpiy don't knor,v realistic rralues for e

- A neeirby sorlrce cotilcl lie burred in the clata.

r,vaiting for.just the right algorithm to tease it into vier,v

t:t stars irr liighlv rr'c'cr.-'ntrir:

(-s

o -\rrothcr potcntialh- "pct'ioclic''

f'r'orrt liissrrrg j)irss('s of ('oIr]l)a

or lrits :rlrorrt urirssir-r- lriar'li hr>1

s()11r'('(- is rcnctitir.r: "c1ic1is"

- Bloarllrarrrl tlirrrsicrrts ttt l'c1). I'iif (-S of' 1- 100 rtrHz

- \\i' yriarr f o rlevcltilr rrlgorit hnrs to trrrcicr'f aker a searc:h

Gravity Wave Detection and Astrophysics K. Riles
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Advanced Wave FYont Sensing (\MFS)

LIGO I WFS Plrrus

o WFS expioits interfererlce pattern betlveen loi,vest order
(Gaussian) cavity mode and first-order transverse rnodes

(r.g., TEVIIS)

o LIGO MFS based on "quadrant br-rliseve"

segmented photodiodes

o Each DOF (pitch, y&w, curvature) effectn'el), seused by pair
of photocliode segments

o Decoupling of effects from difterent nrirrors accomplished
via different moclulation frequencies & Guol' telescopes

o Present scheme clesigned for 1st-orcler servo control of each

DOF and should rvork fine

Gravity Wave Detection and Astrophysics K. Riles
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Advanced Wave FYont Sensittg (WFS)

We r,r,ant to ertencl this technique

whv?

o Better contr oI I diagnosis of 1st-order transverse modes

o Attack higher order modes (diagnostic, perhaps control)

I{ou-'l

r Bnrte force: Increase photocliocie segruentatiou
(nc'r,cl nlor'o RF anrplifiers & clerriodulators)

o \lolc' zuirlritiorrs: Tnrr: irrraging s,vstenr

- Pfo-solrsc.rr rlerrrocluiation

- Lsc'CIC'D or rrctive grixel serliior (APS) alrav for rletector'

o \\iir'l< so far at tlier iclcer levei - cievelollurertt rtet:decl

. Ilirt crpcrir:rx:('nt thc 40 \lctcr inclicatc:s thc imurcnsc valuc-'

of irnirsc' irtfirt'ttintiou

Gravity Wave Detection and Astrophysics K. Riles
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Periodic Sources (continued)

HUMS
CHIRPS

CLICKS

Putative Gravitv Wave Sources

Studied, planned for
Studied, planned for

???

pairs in non circulan hssing onhits

l- lo llo

o+f,o

tr t4rct<

lt
{.r q
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LISA
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Periodic Sources continued)(
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Systemic Noise Studies

We plan to trace and analyze the NOISE of LIGO I
(as implemented) for

Dater Analvsis, LIGO I Scienc'e. artcl LIGO II

\A/e r,r,r11 i,vork backr,vards from the Grar-it)t \\ ave Signal

to isolate:

o 60 Hz ancl its Hannonics

o RF Leakage. out and in

o Acciclental Couplings to High-Q Degrees of Freedom

o Non Station?rrrr Processes) €.g. ,

- Out-of-Band Alignment or Servo Perturbations and

Fluctuations leading to or clriving Lrpconversion of lor,v

Frect Ltellcy noise

Gravity Wave Detection and Astrophysics H.R. Gustafson
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60 Hz and l{armonics

Historic Spectra:
- 

Populated with 60 Hz and harmonic lines

whv?

If 1 rnicron +:=+ 1 \trit in Servo for Acquisition
10-18 n",. <==+ 1 pico Volt in a data stream

This is challenging!!

Obvious remedies:

o Regulated Por,r'er Suppl5,

o Po'uver Reguiation on Boards

o Pou'er Insensitive Chips, €.g., opamps

o Cierrer Design

+ Itoughll' goocl enor-igir: Rejects AC at 1012 levei

Gravity Wave Detection and Astrophysics H.R. Gustafson
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60 Hz and Flarmonics

Brrt it's stiil there

Ground loops and induced signals from sirnple Lenz Law
induction from AC Transformers flux leakage is endemic at
this level

Strartegies

o R.enovc in Softn'arr:

o Bnrtc' Forc'e Renrcx'e all local AC

. Scrrr.ch orrt Offenric'rs. Critic;al S),rterrls auci Resoh'e

One approach: Swap in 55-Hz power supltly
ldentify / eliminate srlspects, systeur ltr,' s1'stetn,

niodule bv module

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Diagnostics and Controls for LIGO

Liglrt Shr-rtter - Bearn Locator

We need to isolate one or both arms for tuning,
testing, or aligning:

o Power Recycled Vlichelson Configuration

o Individual Arms

Usually done by misaligning mirrorsT but problems arise.

o Hvsteresis; you never get exactly back

o Insufficient range

o Incornplete light blocl<age

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Diagnostics and Controls for LIGO

Liglrt Shutter' - Bearn Locator'

Our student, J. Roilins, has fabricated and vacuum preppecl

four shutters for the 40 Meter

To be located:

o Just in front of the vertex test masses

o Just in front of the end masses (for beam location)

Consists of a \raculrm-optics-compatible "Pico N4otor"

rvith a rotating vaue

Vaue has tr,rro stoppecl positions:

o Shutter

o Alignment hole

\\i'r)r'ol)osr'ltl ricsign rirtcl falrlic'atet a sirnrlitl svstetn fot'LIGO

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Controls and Diagnostics for LIGO

Selective Attenuator

We extend the Light Shutter to Selective Attenuator

Add another vane setting - highly transmitting optic

Purpose. Calibrated pertubation of recycling cavity

o Increase cavity loss

o Change contrast defect

Perhaps extencl to arm cavities (higher qr-rality optics)

Thermal lensing needs stuclrl'

Gravity Wave Detection and Astrophysics H.R. Gustafson



3a

New Diagnostics and Controls for LIGO

Coulrlirrg Diagrrostic

Overall coupling of tlie input to the IF O is important and

hard to measure

At the 40 Meter we step the inp,ut light ancl observe the
transient response of the light and probe signals

The family of responses as a function of aniltlitude
chaara ctertzes the coupling

T'his needs anahrsis aud derrelopment

\\ e n-ill clerrelop ancl test this diagnostic

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Diagnostics and Controls for LIGO

Inclependent Arm Lock Schenre

Lock via arm Servo on transmitted light at End

Each arm is then semi independent

Study the "open loop" arm servo

Debug, measure stuff

IVe have locked one arm of the 40 Meter this wav

Tu'o St'lterriers:

o Lcugth \lodulation

o Lasr:r nrodulation

Recluires moclestly good laser frequency stabilization

Locliing -10\l laser to the mode cleaner is marginally adequate

PossiJrle further tlses:

o Establish beam for WFS startup

o Possible simple brute force path to lock

o Diirgnostic replacement of CVI Servo.

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Diagnostics and Controls for LIGO

Auxillar)' Laser Lock Cei,rrit)t A Thircl Ann

IVe propose a third Fabry-Perot arm-like Cavity

Prrrpose

Statrilize lascr so u'cll that either or both rlnrls corikl Jre

c'lcturir'loc'l<r,'cl to it trncl sturlied u'ith ouh'a length serl'o

The recycle d f recorttbiueci arms are inextricabl), coupled in
the -10 \'leter atrcl LIGO

Decoupling was a con\renient feature of the

unl'ccornbinecl -10 \leter IFO

Stal;ilitv goal:

Interrnecliate between a full arm and mode cleaner lock

Gravity Wave Detection and Astrophysics H.R. Gustafson
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New Diagnostics and Controls for LIGO

Auxillary Laser Lock Cavity A T6ircl Arur

Possible implementation sciremes:

o Mode cleaner derived - but you r,vant test this too.

o Second FP cavity in 2K or 4i< arm

o External system in vertex area e.g., based on extension of
tlre nnr,rsed 40M 72-meter Mode Cleaner harch,vare

This sr-sterrr woukl stal;lilize the laser strch that ther i)rnls
c:oukl bc inck'pcnckrntlv loc'liccl u'ith ortlr' lcngth sen'cr

\\ orrld enrrblc strinqt'nt rliasnostics of' tlte rrtain lFO-laser
t' , l
Ir('C11('11('\' ('Ollt fol s\-stoll]

Gravity Wave Detection and Astrophysics H.R. Gustafson
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Research Plan

Gustafson

At 40VI and Hanford: (> 5o%)

o Data Runs and Analysis

o Diagnostics, Controls

o Systemic Noise Study

At Vlichigan:

o Data Analysis

o Hardware Fabrication

o WFS Development

o Perioclic Source Astrophr,'sics and All Skv Problem

Riles

At \,lichigan:

o Data Analvsis

o \\-FS Developrnent

o Penoclic Source Astrotrhvsics and All Skr- Problem

At l0\l and Hanford (periodic visrts):

o DAQ Tests and Improvements

o Aclr,ancecl Alignrnent Issues

Gravity Wave Detection and Astrophysics H.R. Gustafson
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Research Plan

Postclo ctoral Associa'r,te

At Michigan (> 50%)

o Data Analysis

o WFS Development

o Periodic Sorirce Astrophysics

At 40M and Hanford

o Data Runs

o Diagnostics. Noise Str-rcly

Gravity Wave Detection and Astrophysics H.R. Gustafson
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SI]MMARY

\\Ie'vr: irurtpecl in attrl ttiarlc a strclng r:otttri];ution

\\t arct relzltive 1]cl\vc:or]t('r's to Gritrrit\, \\avc Phvsic:s

to -10 \,leter R&D

\\e are lro\\r l)retr)arirrg to recorrl artcl Alial:,zt':

LIGO-lilie clirtit n'rth the 40 \leter'

\\i: irirve substantiailr' leartnecl t,he LIGO/lFO tracle

In the coming period i,ve r,vill:

o Carr)/ ottt 40 Vleter Gravity \4lu.re Analysis

o Ertencl thrs to LIGO clata

o Aclr,ance LIGO:

- Contribute to Noise Study and Diagnostics

- i)er,elop Aclvanced \\avefront Sensing

- Search for and Stuclr* Periodic Sources

l'utll' LrOalL

Detect Gra,r'itt' Waves

Stucl1' their Sor.rrces

Gravity Wave Detection and Astrophysics H.R. Gustafson


