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. Overview of Group and Goals

\lichigan Grar,'itational \\iar.,e Gronp:*

Dick Gustafson Senior Research scientist 3 Years @ 40 Meter
Iieith Riles Associate Professor 1 \'ear @ 40 N{eter (sabbatical

David Chin Graduate Student

Justin Dombrowski Unclergracluate 3 months @ 40 lVleter

Joseph N{arsano Undergracluate

Firrruer rnr:rnber <.,f grorrp (riou' at M.1.1'.):

Jamie Rollins Undergr-aclnate 7 months @ 40 N,'Ieter

(senior thesis research)

Long Term Goals

r Apply expertise gained at 40 Meter to LIGO research

o Carry out systematic Deir:ct,,.rr Ciraracterization

o Search for gravitational radiation: Perioclic Sources

*Supportecl by NSF PHY9601197 (9/96)
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Research at the 40 Meter

RecS"cling Deuronstration Hxperirnent (RDE)

Major LIGO R&D milestone:

I)emonstration of Recycled l\{ichelson Fabry-Perot
interferometr_v with slrsileilcled test masses

Il'irsi Lock: N,or,'-ernber 191]7

40 N,{eter Crei,v of Last Several Years

Now working elser,vhere:

F. Itaab. }{. {,loles, L.Sier.ers" S. Kawamllra.
R.. Sptllrl, B. \\inre J. Li:gari (led RDE)

Active in last year of operation:

l\. &{arralvala. W. Iiells. 5" l'ass.
Fi.. {--hlslalsi'}n. h. Rilcs. J. Rr>trliris. J. lJornl:rowslqi
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Research at the 40 Meter

Recycli'g Dernonstratio' Experinre't

I) First locks - 1997-gB
Studies - Alignment
Mysteries

II) Michigan summer lggg (April-october)

- Implement & test new !+ canier-independent
Recycling lV{irror (RM) servo

- hnprove locking & rtinning robustness, noise

- Data rlrns (recordecl):
TAMA - Sept 17-19 'f'hr.ee E_hour fluls
MICH - sept 30 - oct 4 ror oo rrorirs



Research at the 40 Meter

Rec-vciing Demonstration Experinrent

o Gustafso', Riles & Rollins supported nearly
every aspect of recycling demonstration

o Introduced many new diagnostics f momtors

o Designed & implemented beam shutters
& selective attenuator

r Added auxilliary sidebancr capability

r Replaced / added amprifiers, RF equipment

e Resolved Pockels cell degraclation

o Investigated servo instabilities

. hnplementecl new servos (see below)
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Research at the 40 Meter

Recycli'g' I)emonstratio' Experinrent
o Supported W-ave Front Sensing (WFS)

control of test mass orientation

. Implemented digital WFS control

r Shook down data acquisition system

o shook down & augmentecr crata viewer witrr

- 2-channel correlation analysis

- Real-time graphics manipulation

- Time-frequercy a'arysis (r.g.. waterfalr plots)
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Overview of Group and Goals

Bea,m stop / selectir.e attertuator':

FBeamstop \^

o

o

o

o

J. R,ollins: Fabricated 9/98

Four buiit ancl vactlum-prepped

Installecl 2 199

Ertremelv useful
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Research at the 40 Meter

I\{ichigan Sutnn}er at 40 l\teter (l\,{ay-Oct 1999)

r l\ew (+ carcier-independent RM servo scheme

+ Tested, proveu.. commissioned

o Impror,'ed operational perfortnance of 40 Meter

o Recorded data in LIGO-like configuration:

- Coincidence rlrn with TAMA - Sept 17-19

- Second run - Sept 30 - Oct 4
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Research at the 40 Meter

I)evelopment of Alternative Michelson Cav-ity Selr,os

. 
("f*" , t't-" erl"or signals)

o Defar-rlt (LIGO) recycling mirror and beam splitter servo

error signals exploit same phase modulation used for arm
length servos

. Two major potential drar,vbacks:

- Relies on heirarchical servo scheme to separate

arln cavity error signal from i\{ichelson cavity

- Relies on sign-changing error signal

during lock acquisition

o Alternative scheme: AmplitrLcle h,lodtrlation

===+ "Carrier-independent"

=+ Decouples arms I 1\,lichelson cavity

o Developed & tested at 40 Meter as both
diagnostic and run-titne option

. /+ found especially usefr-rl & robr-rst in data rlrns

Applicable to LI{IO I (see below)
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Research at the 40 Meter

Preiraring for and Taliing Data

August - September 15

Reestablish locking
Work toward robustness

Get DAQ and data viewer operational (again)

First calibrated power spectrum

TAMA Coincidence Runs: Three x 8 hours

Sept L7, 18, 19: 0600-14:00 PDT
Start: oLx2 x 10-t'*ltffi
End: oLl-1x10-t'ntltffi
Lock periods: 10-30 min at night; I-2A tnin in day

Lock duty factor: >0.9 at night; 0.6-0.8 in d*y
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Research at the 40 Meter

ll{ore lJata Running

September 20-30:

Retune servos

Balance actuator drives

Automate acquire f run control

September 30 - October 4 (= 100 hours running):

L,nattencled Running
Readjusted laser power / pointing on 12-hour basis

o7,x4x10-tt*/tffi
Lock periods: =hours at night; 0.2-1.0 hour in duy

Lock duty factor: >0.95
Lock breaks: = seconds

)L1mn1i't1"\':

o Trvo st.rccessfr-1tr t"r-Ltrning 1.ret'i*cls

e > liill t-'lur,nnels recor"clecl in LI{}O-like configuratiotr

f l1cc,l'r1*,'ri Fa,};rir- i:)ei't>1. Iiiii:helIsonl [nt,el'lelrot: tet;ert')
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Research at the 40 Meter

Recording of Data in Fall 1999

o Summer 1999 devoted to shaking down 40 Meter

{and,servo developnient)

o Fragile instrument evolved into high-duty-cycle machine

r Permitted useful data collection in fall 1999:

- lst run: Sept . I7-2I (in c*inciclernce u'ith TAh,{/\ 300)

o1=2 x 1o-r7 mlffi@ l kHz

- More tweaking & tuning

- 2nd run: Sept. 30 - Oct 4
or,N4x 10-1s rr.ltffiALklHz
+ 6p x 1 x l0*1e (see power spectra)

o Fr-rrther improvements possible - but Hanford beckons!

o TAVIA coincidence run coordinated by LIG O I TAMA
management to pioneer international collaboration
in analysis of gravitational wave interfet'otneter data

==+ Providr:s hrsl t,elst, *{ rr,ritte. irlt:ncc arlrtl-vsis algr:r'itluns

o Analysis by subset of LIGO / TAMA scientists
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Research at the 40 Meter

Calibrated power spectra frorri F'all 1999 data runs:

X-atltiT-flZYa-Allt.t.rcllllpll.r

<- Zxlor7 mfilzrn

+ 4 x 10 
lt mfilz'n

o6 1x 10-1e @ lkHz
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Research at the 40 Meter

Analysis Plarts for ,10 l\{eter Data

Recent data provicles algorithm testbench for

o Detector characterization

o Gravitational radiation search

Detectcr rharacteri zat ran.

s D;rt,a taken in fuilv rec-vcled LI{;O-like configtiration

c llore thrr,rt I 00 di:,<.1 erharnttels recol'i{ecl

* Of general ir*erest to LS{l phvsicists (see below)

* Allorvs con'elation str-iclies ihat were iurpractical ouliue.

- Bct;r,l'{}{}1r {r{,}rnil}oil nr{xlc at'tt: & }'{icheisor: s{}r:v{:rsi

.- Bet;lvix)n k:rrgitr.rriirurl u,nd tlt'irl::t.il,tior:;rl $or\'o$

Astrophysics search

o Michigan grollp active in LIGO search

for periodic sources (sec bclu;rvi

o Recent 40 l\{eter data has limited sensitivity, but provides

real-world test of algorithms (search and discrimination)

o Plan to carry out formal search through
to published lirnits on CW sollrces
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Research at the 40 Meter

Annl,v*sis Plans for ,10 h'leter Delta

Recent data provicles algorithm testbench for

o Detector characterization

r Gravitational radiation search

Detector characterization :

o Data t,aken in fLrllv rec.vcied LiG0-iike configuration

c \{orc tLran I 00 clil<1 charutels recolcleci

* Clf general interest to LSCi phvsicists (see below)

s Alloil s con"elation stuclies that were iurpractical ouiine:

-- Bct,u'r){}n ir{:}rililior} muilr alur l" h''licirclsoxt s{:}l'vt}s

-- Bct,u'{}i}rI }ar:.qitlrdini.ll ;'i,nd iit'ir:*t.ationiil s;cr\,'t>s

Astrophysics search

o Michigan grolrp active in LIGO search

for periodic sources (seel l>r:l*n'')

r Recent 40 Meter data has limited sensitivity, but provides

real-world test of algorithms (search and discrimination)

o Plan to carry out formal search through
to published limits on CW sollrces
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Detector C haracter ization

Data analysis requires systetnatic understanding and

characterization of the detector:

r R,esponse fr-rnction

* I{oise beha,rriot'

r Sensitivitv to ettrriroutneut

Performance characteristics include:

o Power spectra

o Probability distributions

o Stationarity

e Transient statistics

{lharacter:iza.ticit c'itLriecl out at severitl lertels

* O*line ciiagirost,ir:s 1-rassive cu' itn'asive (stimuius-res1:onse)

* Of;1ir1e, t:n site uxlnitorin,q - llata \ilonitar 'Ibol

s Of1-siie xlauttot'iug and ilistrltnrent mocielling
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Detector Charact erization

r Riles chairs LSC working group dedicated to
LIGO Detector Characterization

- LIGO Liaison - Daniel Sigg (LIGO-LHO)

- Subgroup leaders:

x T[ansient Analysis - Freri Ra,air (LIGO-LHO)
x Data Set Reduction - ,Jitn l3rau (U. Oregon)

x Data Set Simulation - Sam Finn (Penn. State U.)

r iVlain responsibilities of chair (so far):

- Task cornpilation, prioritizatron,
coordination 8z voluuteer recruiting

=> See sLll]llnilr)' task table

- Vleeting f teleconference organization

=+ See itgenctas

- Co-writing of Data Analysis White Paper

- Web site creation & maiutenance:

http : //."iw'or-mhp .physics . 1sa. umich. edu/*keithrllscdc/home . html
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Detector C haract erization

Summary of task categories, priorities & active institutionsi

PriorityTask Category
Online Diagnostics &; \Ieasurernents

Offi.ine N'Ionitoring Infrastr.
Environ. N'Ionitoring (hardlvare)

Line Noise Identification
Instrunr.ent al Correlations
Environtental Colrelations

IFO State Summaries
IFO-IFO Correlations

Trairsient ID / -\naivsis (irrstr.)
Trarrsient ID / Analvsis (instr.)

Tirne / Frequenc-u- Anall'sis
Data Set Reduction

Phenomenologic al I'Iodeiling
End-To-End I'Iodeliine

LSCr lJetector Characterization Thsks

Institutions
1.3 L l'l' L5 U lUI',f i\'Irch

1 CIT
1,2.R CIT LSU N'IIT LaTech Oreg PSI

1 AEI ANU Dublin Flor LSU N,Iich PSLT Wisc
Dublin PSU Wisc

1.R LSU LaTech Oreg PSU Syr
1.2.3 ANLT CIT LSU Flor Nlich PSU \Visc

o
'J PSU

L.2, 3 AEI IUCAA X,IIT NIiCh PSU
2,3 CIT Oreg
2,3 CIT Flor
1) Flor Oreg

2 \IIT PSLI

1"1 CIT Flor PSU Pisa

;lJct,;rils ,::rtr lrt' fitrttitl al;:

http 1 / / ww,*-* tv. phys i c s . lsa. umich . eau/*ke ithr/ls cdcltasktable s . html
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Detector Character ization
Agenda of 1l{arc}: 1999 Detector Characteriza,tion h,{eeting

(Gainesr,'i11e, Florida)

9:00-10:30 - Session 1

10' K. Riles / O. Sigg Introduction
20' B. Allen Existing data monitoring tools (GRASP)

10' W. Hua Violin Modes of the 40 Meter
10'All Discussion
30' D. Sigg LIG0 Globa1 Diagnostics System

10' All Discussion

10:30-10:45 - Coffee Break

tO:45-t2:00 - Session 2

Environmental monitoring at Livingston
Electromagnetic f ield monj.toring
Discuss ion
LIG0 algorithn li.brary
LIGO Data Monitor Tool
Discussion

1:00-2:30 - Session 3

20' S. Finn Existing data monitoring tools (MATLAB)

15' F. Raab Transient analysis subgroup plans
15' J. Brau Data set reduction subgroup plans
15' S. Finn Data set sinulation subgroup plans
15' K. Riles / 0. Sigg Performance characterj'zation plans
10'All Discussion

2:30-2:45 - Coffee Break

2:45-3:45 - Session 4

15' H. Yamamoto Overview of End-to-End Model

15' B. Bhawal End-to-End optics implementation
15' S. Klimenko End-to-End input optics modelling
15' A11 Discussion

15' M. Coles
15' W. Johnson
5' All

15' W. Majid
15' J. Zwetztg
10, All

12:00-1:00 - Lunch
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Detector C haracter ization
Agencla, o[ June 1999 l)et;ect.or Cherracterizatiorr

Teleconference

1) Data monitor tool status (Zweizig)

2) Algorithm library status (Majid)

3) Performance characterization status (Riles)

4) Transient analysis status (Raab)

5) Data reduction status (Brau)

6) Data simulation status (Finn)

7) Data tape technology (Sigg)

8) Brief discussion of just-released detchar contribution to
analysis white paper (click here for latest draft)
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Detector Charact erization

Agenda(1) o[ Jr-rl;v* 1999 l)etect;or Characterization fu{eeting

Monday afternoon 5:00-6:00

10' K. Riles & D. Sigg Introduction
15' J. Zueizig Data Monitor TooI (DMT) uPdate
30' All Discussion on DMT and algorithms

Tuesday afternoon 1 :00-3:00

10' K. Riles
10' F. Raab

10' D. Strom
15' S. Finn

15' A11 Discussion

15' H. Yamanoto End-to-End Model update

20' R. Schofield Anbj.ent and diagnostic magnetic Fields
measured inside of a BSC vacuum chamber

at Hanford

10' D. Sigg & E. Daw 0n-site seismic correlations

15' All Discussion

(Stanforcl, Clalifornia)

Perf ormance characterizat ion update
Transient analysis subgroup update
Data set reduction subgroup update
Data set simulation subgroup update
(5' on Thermal Noise of Violin Modes)
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Detector Charact erization

r\genclo(2) of Jul,v* 1III l)etect.or Charelcterizittion hrleeting

(Stanford, Califbrnia)

Wednesday morning 9 :00-11 :00

15' G. Gonzalez & Statistical properties of the detector's
S. Finn Power sPectrum

15' S. Mohanty A non-paranetric method for
detect ing non-stat ionaritY

10, S. Mukherjee Simultaneous dynamical tracking and removal
of multiple vi.olin modes

15' B. I''lhiting Progress in noise characterization

10' S. Klimenko Input optics simulation status

10' N. Simicevic Seismic measurements at Livingston

15' A11 Discussion of favored data tape technology

30' All Discussion of working group contribution
to LSC Data Ana1Ysis !trhite PaPer
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Detector Charact erization

Specific responsibilities of the \fichigan grollp

o Performance characterization, transient analysis software

- flperatir:nal state

- Statir:rnal"it,v ii non-{'l aussian l:eha'o'ior

- Cnset cf servo instabilities

o On-site diagnostics interpretation & enhancement

-_ L;ilisons t.<> tr,"-{C u'r>r"lti:tB* gr'o1rp ({ir.rst;;r,[ison & students)

- llircc;t. lccdl:aclo on dia,gnost.ic; si:ftn'are ut;ilit}. & verar:it;y

o Systemic noise characterrzation, investigation & redr-rction

- 'l'rack dr>lvu rersirlu;rl til) llz &: lrarunclnics in elkrctrolrics

f piri dr.,r,r'n *rllrrrive s{}nrcc$ r,r-it lr pr,it"tal;lc 65 1{:a trrc;r,rrer)

** At,t i,r,c;k t{F lcill<;rg<:

- Artack Lltrl* rr*rl clorntn-r:onrtersiou of otrt-of-bancl uoise

ini,n LI(;il {-;W band

- At,t,;rck {-i\& chnnnr:l ttoise r:ntt1:1ec1 trom other cha,nnels

(many software tools available soon for detection)
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Detector Character ization

o Diagnostic / Alternative servos for LIGO I

- hnrestigi.r,t;el a,nal;,''ticiill-lt b*ur:lits / drar,r,'backs ol'

AM-based l+ (ancl t-i servos cleveloped at ulO l\{eter

- lnvestigate nuts 'n bolts feasil:ili[' of irnplementation

- hni:ltllltcnt, n{}w servos a,s <,lia,glti>s1;ics

- Pcrhatr)s rniglai;el diargitc;st,ir.: tc> clefault;

o Additional LIGO control innovations

"Lock st,epper" * All*r'rts gril,{ir:}ful rnovetrlen{, ltrcnt

e:<treme ti'inge (preferrecl }:v |r:.L accy-risitiou) tc, r:eutrial

{::*laxctli llirige
(LrGo r)

"True {.- Bearn Splitter" - }lorlified b*atn split,ter

dr:sigrr t r; ck:irrrlv artltr;gt>tti-rlixc different,ial artd {jo{}ltnon

r:rorlc $ctr"\ri] ;ri:1,L1;ttiotr in h{irlrcl$ot} q:al'it,-r;

(Advanced LIGO)
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Search for Periodic Sources

l\,tost pronfsirrg trleriodic source:

Rotat;ing hieutron Stat's

Requires non-axisymmetric star or wobbling spin axis:

o Density perturbation (r.g., trapped magnetic fields)

o Crustal cooling history

o Accretion from binary companion

o Driven excitation of normal modes
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Search for Periodic Sources

Serious technical difficulty: Doppiet' motioit

r Frelquerlcy moclula,t;ion flt'cltn enrth's rotat;ir:n (: = 10-6)

r Frcqlrerlcy nroclula,t.ion ft:om eart,h's orbit (3 = 10-4)

Additional, related complications:

o Daily amplitude modulation of antenna pattern

o Spin-down of source

o Orbital motion of sources in binary systems

h{ochrlirf io:ls / dli11 s ccti:plir:at,{: itltal-r'sis enortnor-tslY:

* Simi:le lJt:LLriet' transfoitn inarleqr-tate

o ]ivc:ry slt): di:'*ctiil* t'ec.1t.ti:'*,'s rJiffcrcnt dtlntodulir,t.itx:

=+ .\ltr-skr' $ur"\,'p.)' : F*;:nrida.Jrle / intrigurng c'hailenge

But two substantial benefits come from these cornplications:

o Reality of signal confirmed by need for corrections

. Corrections give precise direction of source
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Search for Periodic Sources

h'tichigan Role in LICIO Astroph-vsics

Longer term plans:

o Collaborate with other LSC physicists in
search for CW sources:

_- hnolvrt pulsals

- Prr:rnising sk-v paiches tr.*., galactic center)

- All-slE1- s11rvsy

r Lead search for periodic transients

{ c.g.. "liissirlg irigh-ellii:Licitv JrinariesJ
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Summary

Major goals at 40 Meter accomplished:

o Acquired interferorneter expertise in assisting

Recycling Demonstration Experiment

r Improved 40 Meter instrumentation and noise

o Collected data in LIGO-like configuration

{Bonus: TAiv'{A coincicleuce rr-rnning)

R-escnrch ir1 f)1"{igrcs.q itn(.1 pla,ltllt':<l :

* Analvsin ol rls h.leter clal,a, as exercise in cletectar charac-

terizirticu a::il ast::oph-vsical solil ce seirrch

o (.ior:l.ilnrc li:;xlirrg rolc ilr l,SC: tlc|ectot' chat act.ot'izittion.

inchlriirrg s<>[.llrr;.lrc, cn-sitrc rtr:is*:t strrcliets, <Jiilgttcst.ics, itltd

serv{: ssff,1r-rl iuvestigatir:ns &. t-levelopurent,

s (.-cilhrl;*rate in LS{.] effr:rt t.* fincl aucl str-id-v perioc{ic sottrces

r;1 gt'i'lrti 1 rrt,irili ;r,1 l;rcl ia,lir:*
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Concluding Remarks

o LIGO Laboratory thinly stretched in coming years:

- LIGO I operafion

- LIGO I data atta,lysis

- l,ld;{) 1f lt&:t"),, ettgirtccrirtg .t constn.tction

r Experienced LSC physicists r,vill be needed

o We have attained hands-on familiaritv with the 40 Meter
and have made it better

r We expect to gain same familiarity with LIGO
and to make it better

o Improving interferometer performaltce is essential

and an appealing challenge we welcome
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Concluding Remarks

o However) we are not primarily interferometer scientists

We are driven by the astrophysics

Our goal is discov-ery 8{ investigation of gravitational waves

r Our approach is flavored by oltr high energy experience:

Major contributions to instrumentation

Data analysis taking into account detailed
instrumental idiosynchrasies

\\tl look fonvard to gravitationa,l n'a,r'e phvsics
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