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Within this advanced undergraduate project, a qualitative investigation of seismic noise

sources hindering the ability of the IJ-O interferometer to achieve lock is documented. Three

previously installed seismometers located w'ithin the LVEA, EX, and EY were utilized to

determine potential sources of the low frequency noise and suggest a source. After a

preliminary investigation, the seismic source was determined to be anthropogenic in nature due

to daily periodicity and minimization on Sundays.

Advised by LLO staff, this advanced undergraduate project then investigated one potential

2-3 IIz seismic noise soutce - vehicular anthropogenic activity in proximity toLLO. The

data was extracted using GDS and a customized Matlab program. Models based on technical

sources were developed and tested. Agreement between the models and the trend of data for

Phases l to 5 led to further investigation. Phase 6 ttllized more extensive equipment

including an accelerometer, GPS, oscilloscope, pre-signal amplifier, and filter to more

accurately determine the frequencies of vehicular signatures.

Final results show that the l-3 Hz signal is not solely due to vehicular activity on Highway

1024, Highway 63, I-12, or Highway 190. Other potential noise sources were analyzed and

determined to be unlikely. It appears that the noise source is a packet of sources from the

surrounding area, possibly including area logging activities' LLO is currently beginning

instigation of a plan to reduce the seismic noise in the l-10 llz range to solve the problem

investigated within this report so that lock can be attained and maintained.
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This summer has been one of the most outstanding research experience of my life, forl

have been privileged to work beside, interact with, and learn from some incredible mentors.

Special thanks to everyone at LLO who welcomed me, tutored me, and patiently answered my

questions. You welcomed me into the "LLO family" and helped to make my time with you an

insightful, educational, and inspiring experience. I hope to one day have the privilege to work

again alongside each and every one of you.

Special thanks to Professor Rainer Weiss who served as my mentor, support, neverending

source of advice and knowledge, editor extraordinaire, and who encouraged me to reach for a

seismic solution and my career goals. You have made an incredible impact on my life. Thank

you, also, to Professor David Shoemaker for making my internship at LLO a reality and serving

as my MIT contact and support throughout. I wish to thank: Dr. Mark Coles for making me feel

so welcome at LLO; Professor Warren Johnson for his aid in analyzing data via seisrnic

spectrums and loaning me his data acquisition code; Professor Edward Daw for his

willingness to help me create a Matlab dat to txt converter program; Mr. Kerry Stiff for

helping me construct the accelerometer base; Dr. Jonathan Kem for his advice, directions, aid

in constructing the seismometer base, and suggestions regarding seismic source locations; Dr.

Joe Kovalik and Allen Sibley for their seismic source suggestions and listening ear; Mr. Doug

Lormand for his willingness to sh are PEM expefiise; Michael Fyffe for bis aid with the

oscilloscope; and Rana Adhikari for his plotting and trending suggestions.
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GRAVITATIONAL WA!'E DETECTION

1.1 Laser Interferometer Gravitational-Wave Observatory (LIGO)

The research described in this advanced undergraduate project was undertaken as a subset

of the Laser Interferometer Gravitational-Wave Observatory (LIGO) project. The primary

objective of the LIGO project is to detect and observe gravitational waves' due to

astrophysical sources. Other objectives include determining the speed of propagation c and

opening the field of gravitational wave astronomy [1,21.

L.2 LIGO Sites & LLO Specifications

LIGO facilities were constructed

in Hanford, Washington and

Livingston, Louisiana. Each facility

houses a recombined Fabry-Perot

Michelson interferometer. The

Livingston LIGO Obsewatory

(LLO) installation is configured in

an "L"-shape with each arm having

a length of 4 km. Each arm contains

a 1.2 m diameter stainless steel tube

undet vacuum which provides a path

Figure 1.1 This schematic oveday depicts the Livingston LIGO
Obseryatory (LLO). The Hanford LIGO Observatory (HLO)
installation is idettically configured except that it also has
midstations.

for the propagation of a precision laser beam, In order to make accurate measurements and

so that the laser beam can propagate in a clear path, the beam tubes and associated chambers

have been evacuated to a pressure of - 10-12 atm and must be closely monitored [2].

I Gravitational waves were first predicted in Einstein's Theory of General Relativity in 1916.
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CRAVTIA�TONAI WAVE DETECNON

13 Interferometer
Configuration

The LIGO interferometer

implementation is a Michelson

i nterferometer with Fabry-Perot

optical cavities. A single laser

beam is split into two beams of

equal amplitude by a beam-splitter

(partially-reflecting mirror) located

in BSC2 (Basic Symmetric

Chamber) and propagated in
Figure 1.2 This schematic oveday depicts the path of the

orthogonal directions. The x-beam Tl19iy:,tffi:::I"in 
the x- and v-arms' Light is allowed to

propagate within each arm - 50 times before it is tetumed to the

travels the 4 km of the x-arm and i, beam splitter for measurements'

reflected by a vibrationally-shielded miror in BSC4.'� The path of the y-beam is identical in

distance to that of the x.

The light is allowed to propagate

through the x- and y-arms multiple times3

and then is returned to the beam splitter to

recombine forming an interference pattern.

If the minor spacings are identical,

interference between the light beams will Garnet) Laser Parameters

direct all of the light back to the originating laser. If there is a variation in the phase of the

light, it will be recorded by a photo detector at the vertex of the interferometer [3].

A minor is susp€nded at the end of each arm and shielded from vibration with a high-pre.cision vibration
isolation system, similar to equipment used for the masking and €tching of circuity on silicon in
semiconductor manufacturing.

Allowing the beam to propagate multiple times before recombining at the beam splitter, 'Tolding the
beam." allows an economical extension of the beam tubes and more accurate measurements.

T
I
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Table 1.1 LLO Nd:YAG (Neodymium Yttrium Aluminum
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LENGTH SENSING AND CONTROL

2.I Scope oflength Sensing and Control

The LIGO Detector kngth Sensing and Control (LSC) subsystem was specifically

designed to detect the phase variation of light via photo detectors. It modulates detector

signals, demodulates RF4 outputs of the photodetectors, facilitates the lock acquisition process,

controls interferometer lengths and the laser frequency, conditions signals, and calibrates the

recorded interferometer strain signal. By controlling and facilitating these processes, the LSC

system maintains optical resonance within the interferometer [4].

2.2 Reflection Locking

Optical resonance is achieved when four independent lengths and degrees of freedom are

held to an integer number of half-wavelengths of the laser light' with high precision. The

process of attaining optical resonance, as performed at LIGO, is known as reflection locking or

Pound-Drever-Hall locking. In reflection locking, two methods can be employed: (1) if a fixed

laser frequency is used, locking is achieved when the cavity length is matched to that ofcavity

resonance or (2) if a fixed cavity length is used, locking is achieved when the frequency of the

laser is matched to that of cavity resonance [5].

2.3 Optical Layout at LIGO

At LIGO, partial mirrors are located in HAMs (Horizontal Axis Modules) at both ends of

the x- and y-arms. For ease of reference, the input mirrors are referred to as Input Test Mass

X-arm (ITM_ ) and Input Test Mass Y-arm (ITM, ). The mirrors at the end of each are referred

RF Photodetectors were implemented into the LSC subsystem to detect the modulat€d output beam
intensities corresponding to optical path length and light frequency changes in the interferometer [41.

l, = 1.06 um
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LENGT}I SENSINC AND CONTROL

to as End Test Mass X-arm @TM* ) and End Test Mass Y-arm (ETM, ). The Recycling Minor

(RM) is located in HAM2, and the Beam Splitter (BS) is located in the Basic Symmetric

ChamberGSC).

2.4 Basis for Locking

At LLO, four independent lengths - 2,, 2,,l,,ard|,- must be locked. Two main types of

motion affect each length - common motion and differential motion. Common motion is

defined as the summation of the lensths:

!  = 2 . + l

I  = t . + t

Common motion

determines the laser

frequency. Differential

motion is defined as the

difference of:

2*= l-, l, (3)

t . . " "= t . -  e Al

.€*o is the channel is

which the graviational

wave signal will be

detected.

Figure 2.1 The four independent lengths - 2,, .8", e,, and l" - ana

degrees of freedom must be held to an integral number of half-
wavelengths in order to achieve lock [4].6

6 ht Figure 2.1, several LIGO amonyms are utilized. ETM- is the End Test Mass for the x-arm. ETM, is the
End Test Mass for the y-arm. ITM, is the Input Test Mass for the x-arm. ITM" is the Input Test Mass for
the y-arm. The BS is the Beam Splitter. The RM is the recycling mirror'

(1)

(2)
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LENGTI{ SENSING AND CONIROL 10

2.5 Acquisition of Lock

To acquire lock, the motion of the si x pendulum-mounted masses that comprise the LIGO

interferometer must be constrained to a velocity

less than 2 pm/s. Lock acquisition must be achieved such that the Mean Time to Lock OfI'fL)

does not hinder the functionality of

the interferometer nor reprcsent

more than a small fraction of the

time during which the

interferometer is locked.

Complete lock, when all four

independent lengths and degrees of

freedom are held to an integer

number of half-wavelengths ofthe

laser light with high precision. is

achieved when the following

sequence is completed: (1) masses

swinging freely with no resonant

buildup. (2) sideband resonant

within the recycled Michelson cavity, (3) sideband resonant within the recycled Mchelson

cavity and carrier resonant within the inJine arm, and then finally (4) sideband resonant within

the recycled Michelson cavity and the carrier resonant in both Fabry-Perot ams.

Lock must be achieved in order to successfully operate the interferometer. However,

several factors affect the ability to achieve lock and must be minimized, controlled, or

eliminated for successful runs at LLO.

Figure 2.2 The four independert length s - 2-, 2",l-, and t, -

are locked in the following order: l-,1r, 2r, nd E,
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Status of Locking

To date, the LLO interferometer has achieved (1) single cavity x or y lock; (2) x cavity' y-

cavity, and Michelson lock; and (3) Recycled Michelson lock. However, complete lock - in

which both cavities, the Recycled Michelson, and the Michelson are locked simultaneously -

has not been attai ned. Figure 3.l illustrates lock loss data versus seismic activity' From the

figure, it appears there is a coffelation between the data in the two graphs. Further

72 hours of E4 from GPS = 673636586 (Fri May 1l, 12:16 P.m. CDT)

L { l :P I lN4  l .VhA  SF . ISX  :  l - - 1 l l z
l-0rPl l l \1- l-VF.A SEISY : l-3Hz
LO:PEN4.LVI-A_SP-ISZ : I .3HZ

a r r r  5 ! '  r r p i r i  s l r l

140
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80

60
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2n

0
500 1000 1500 2M

LVEA l-3 Hz seismic motion (Ed units) vs time(s)

1000 1500
l-ock Live Time Fraction vs trme(s)

Figure 3.1 Lock loss vs. seismic activity ftom the F,4 Run by Ed Dau LLO Staff
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EXpERIMENTAL rMpETus & pnnuumanv RESEARCH 12

investigation by other LIGO researchers support this hypothesis. Figare 3.2 illustrates the

difference in seismic noise backgrounds between Hanford and Livingston in the 1-3 Hz band.

From this diagram, one can conclude that the noise level in Livingston, in this range, is much

greater than that of Hanford and that the source is most likely anthropogenic in nature as it

possesses a daily periodicity.

While these plots demonstrate that seismic noise levels could be hindering LLO

interferometer lock, they do not display the true effect of seismic sources as they ale rms plots

rather than plots of the peaks. The actual peak effect is - 10-30 times greater than the nns

effect seen in either Figure 3.1 or Figure 3.2. Additionally, the 1-3 Hz noise happens to

coincide with the resonance of the vibration isolation systems. Thus, the actual effect on the

LIGO interferometer is a factor - 3x greater than the peak values recorded by each

sersmometer.

red=livlngston, green=hanford

9 16-07
E

I

6.708e+08 6,709e+08 6.71e+08 6.711e+Og 6.712e+OA
GPS seconds

6.713e+08 6.714e+08

Figure 3.2 Seismic noise at Hanford and Livingston in the 1-3 Hz range by Keith Ryles' LLO Staff


