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" SEISMIC NOISE SURVEYS OF A CHOSEN LIGO SITE

WRITTEN BY: Yekta Giursel December 14, 1938

L. Introduction

Once a site for a receiver of the Laser Interferometric Gravitational Wave Observatory is |
chosen, detailed seismic surveys of the site needs to be conducted in order to determine the |
amount of seismic isolation that is necessary to attain the desired sensitivity within the limited
bandwidth of the instrument. As the bandwidth of the receiver extends into lower and lower fre-
quencies, the amplitudes of the expected gravitational waves grow larger increasing the chance of
detection. Such a bandwidth is also necessary in extracting detailed information from the
waveform about the generation process. Although there are other competing noise sources, like
mechanical resonances in the receiver at low frequencies, the seismic noise may be the eventual
limiting factor as other noise sources are eliminated by careful design. In this memorandum, I
will outline procedures to record and to analyze the seismic disturbances at a receiver site that
may affect the operation of the interferometer. The phrase "seismic disturbances"” is used in its
most general sense as "all processes which cause the crust of the earth to move locally.”

. What to record?

Naturally, one would record motions of the ground in three orthogonal directions. The
waveforms and the timing of the events that are recorded will give some indication of what their
source might be. However, a complete determination of the source can not be inferred solely
from the waveforms in general. For this reason, it is essential to record as much objective infor-
mation about the local environment as possible. The subjective observations of the people per-
forming the measurements are also a valuable aid, but they may be inaccurate and infrequent as
the data collection will take too long a time for any one person to be present all along. The pres-
ence of people is likely to disturb the instruments as well. Separate measurements with people
present should be performed to determine the effects of everyday activity on the seismic noise |
levels. : : 1

I propose that the following signals to be recorded at several chosen locations on a receiver
site: The local motion of the earth’s crust in three perpendicular directions (two horizontal and
one vertical), time and date, the local temperature of the ground and of the air, the barometric
pressure, the local wind speed and direction, the local humidity, the local rainfall (or snowfall),
the local cloud cover (sunny, partly cloudy. cloudy. foggy. etc...). the signals from two micro-
phones: one buried in the ground and one in the air. Once these signals are recorded, it may he
possible to identify remote sources of disturbances like waves on the ocean since almost all local

causes can be distinguished.




1. The Duration of the Measurements

Measurements taken for short periods of time scattered throughout the day may give an
indication of the average conditions at the site during that day. A much better way is to record
data continuously for a week at a time and repeat the measurements about four times a year in
order to take seasonal variations and extremes into account. As it will be shown in the following
sections, it is possible to take data continuously for about 12 hours with no operator intervention.
This means that data can be taken for a week with just two short interruptions per day. By care-
fully timing the interruptions one can arrange that for any given time in a day there will be data
taken at that time in several different days.

If these measurements are repeated each year as the receiver gets built it will be possible to
quantify the changes in the seismic disturbances brought by the developing components of the
receiver complex. These data can then be used to circumvent any potential problems that might
arise by making minor adjustments in the design.

IV. Instrumentation

IV.a. Sensors

The sensors used in- detecting the motions of the ground are seismometers and geophones.
The seismoineters are devices which are sensitive to the velocity of the ground motion in the fre-
quency band from 0.5 Hz to about 30 Hz. Above 30 Hz their internal resonances start to show up
and their sensitivity goes down. There are seismometers that are sensitive to motion only in one
direction. If these seismometers are used, three of them will be needed at each location. There
are also combined seismometers which give signals for three perpendicular directions.

I propose that four individual seismometers (two horizontal and two vertical) should be
used in making the measurements outlined above. The reason for this choice is that one can per-
form many more experiments with four seismometers: An interesting experiment that should be
performed is to place the two seismometers at the same horizontal location, but at different
depths to examine the dependence of the seismic disturbances on the depth of the soil. Another
such experiment is to use two seismometers placed at different distances from a potential source
of seismic disturbance to determine its contribution to the local seismic noise. Note that with this
arrangement one can record simultaneous data from the devices which makes it easier to identify
any correlations.

The other sensor which covers the frequency band from 5 Hz to 500 Hz is the geophone
and these are also velocity sensitive, usually three axis devices. I propose that in addition to the
four seismometers, two three-axis (or four single axis) geophones should be used. The experi-
ments which are mentioned above should be carried with geophones as well at the same time.

The sensors for the other environmental variables can be a portable weather station and two
ordinary microphones with associated amplitiers. An example of such a weather station is shown

in figure 1.



IV.b. Recording Instruments

The data from the sensors mentioned above can be recorded several different ways: All
data can be recorded on magnetic tape on an analog FM instrumentation recorder, but this usually
is a waste of the recording capacity. All slowly varying environmental variables are already digi-
tized by the portable weather station, and these digitized data can be collected every five minutes
by a portable lap-top computer with a battery backed-up CMOS memory which records them on
magnetic media once in every 12 hours or more. The output of the microphones can be recorded
on an ordinary long playing cassette recorder which can record 14 hours of sound on C180 tape.
Figure 2 shows a 12 hour version of such a recorder. Two of the illustrated recorders will cover
an unattended period of 12 hours.

The signals which should be recorded with care are the outputs of the seismometers and the
geophones. The recording device should have enough dynamic range to cover the expected vari-
ations in the signal levels. By using seismometers and geophones, the requirement on the
dynamnic ranges of the recording instruments are somewhat relaxed since the frequency bands of
the sensors are significantly different and the signal levels are not expected to vary more than 60
db for any reasonable seismic disturbance short of earthquakes.

The outputs of the four seismometers can be recorded on an analog FM instrumentation
recorder for about a week on a spool of 2400 ft magnetic tape and it is possible to get an instru-
mentation recorder with about 60 db of dynamic range. The problem will be the output of the
geophones because of their higher frequency response. If their output is band-limited from 5 Hz
to 100 Hz, then it will be possible to record them continuously on an instrumentation recorder for
about 12 hours.

The digital storage of data is only possible for short periods of time due to the storage-
capacity available in the field with battery powered equipment. The data can also be taken by
spectrum analyzers but this method is not preferred since it does not give a continuous time
domain data which is essential in identifying transients and correlations.

IV.c. Power Sources and Other Support Devices

All sensors, associated amplifiers and the recording equipment must be battery powered ini-
tially. As the receiver location is developed, continuous power will be brought to the site which
will relax the power consumption requirements on the seismic survey equipment. For the initial
phase I propose that the equipment should be powered with two high capacity banks of car bat-
teries. One of the banks will power the equipment on the site for 12 hours while the other bank is
removed from the site and charged at a remote location. The banks will be switched when the
equipment is serviced every 12 hours.

The recording equipment will have to be protected from the elements by a suitable tent with
enough ventilation to remove the equipment generated or the environmental heat. In winter. the
equipment may need to be heated to keep them functional especially on the east coast. These will
put additional demands on the power requirements.




V. Calibration

V.a. Laboratory Calibration

Just before and just after a measurement session all sensors and their associated amplifiers
should be calibrated. In the laboratory the seismometers and the geophones should be calibrated
by placing them on an seismic isolation stack and by actively shaking the stack while comparing
the sensor outputs with another calibrated motion sensitive device.

The motion sensitive device can either be an accelerometer or the motion of the base of the
seismometers can be measured by a suitable optical arrangement as shown in figure 3. The light
beamn from a stationary laser hits a suitably oriented prism and reflects back into a quadrant-diode
which gives a read-out of the position of the laser beam. The prism is oriented in such a way that
small tilts will have no effect on the position of the beam to first order. This arrangement gives a
direct read-out of the displacement of the base of the seismometer. This calibration procedure
should be repeated at several different frequencies within the usable band-width of the instru-
ment.

Extreme care should be taken to stop the acoustic noise from contaminating the calibration
procedure. The seismometers and the geophones are extremely sensitive to acoustic pick-up.
They will have to be isolated acoustically during the calibration procedure. Ideally one would like
to perform these measurements in vacuum, however almost none of these devices are likely to be
vacuum compatible.

Another important quantity which should be measured is the noise level in the sensors and
the amplifiers. Again, during these measurements the seismometers and the geophones should be
seismically and acoustically isolated and a recording of the noise level should be made using the
same settings of the amplifiers that were used at the site. A separate measurement of the
amplifier noise should also be made by terminating their inputs with the appropriate resistors. If
the seismometers have a moving mass that can be locked, the noise level should also be recorded
while the mass is locked and the seismometer is seismically and acoustically isolated.

V.b. Field Calibration

Since a data taking session is expected to last a week, the sensors and the amplifiers can
alter their characteristics due to a variety of reasons. Because of this it is essential that a field
calibration is performed once every 24 hours. It is not possible to shake the seismometers and the
geophones in a calibrated manner in the field. However the seismometers usually have a calibra-
tion coil buill into them.

I propose that a signal with harmonics evenly distributed across the usable bandwidth of the
seismometer should be applied to the calibration coil of the instrument and the output signal
should be recorded for about a minute for several different amplitudes of the calibration signal.
The aroplitudes should be chosen so that there are several steps within the dynamic range of the
tecording instrument. Such a calibrator is known as a "comb calibrator”. If the geophones have
a similar arrangement a similar calibrator can be used with them as well.
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The noise level of the amplifiers should also be recorded for similar periods of time by ter-
minating their inputs with appropriate resistors. The weather station does not need to be cali-
brated during the measurement session. Its accuracy can be checked after the session has ended.

YL Sensor Placement in the Field

The seismometers and the geophones should be placed in three feet deep wells and the wells
should be completely filled with soil. The horizontal and the vertical seismometers should be at
the same depth unless a measurement of the depth dependence of the seismic disturbances is con-
ducted.

This particular choice of depth is based on my experiences of the seismic survey of the JPL
Test Facility in the Edwards Air Force Base. I took data both above and below ground in the ser-
vice tunnels of the rocket engine test stands. These tunnels were typically covered with about 3
feet of soil and this cover was providing enough acoustic isolation from jet aircraft noise. It is
also relatively easy to dig a three-feet-deep well that can accommodate the horizontal seismome-
ters since they usually have a larger horizontal extent than the vertical ones.

YH. General

An accurate field log-book of the measurements should be kept. Photographs of the meas-
urement location containing some identifiable references should be taken. The sensor placement
should also be pictured before and after the well is filled. A polaroid camera should be used in
order to make sure that the exposures are adequately made. All power supplies, batteries and the
recording devices should be checked for proper operation after they are set up in the field.

A test signal should be recorded on the recording devices and read back on a portable oscil-
loscope to assure the proper operation of the recorders. The amplifier settings should be checked
to make sure that the signal is above the instrument noise by a comfortable margin and its level
is within the dynamic range of the recorders with enough headroom. If a spectrum analyzer that
can be carried to the field is available it will make these checks much easier. These devices con-
sume a ot of power however.

VIX. Analysis

The detailed analysis of the collected data will depend on what is encountered in the data.
In this section I will outline some general procedures that will carry the data analysis down to the
individual events that will have to be understood. The analysis of such events will have to rely
on the information which is extracted from the data by the procedures above and on other bits of
information that is collected about the site.

First of all a crude review of the signals will be needed in order to decide which sections of
the recorded data may have to be discarded or which sections may need a closer look. This can
be accomplished in several ways. I propose the following two methods: The signals after being
suitably filtered can be played into a multi-channel chart recorder.

This recording on paper will indicate which sections of the data were exceeding the
dynamic range of the recording instruments and which sections were exceptionally quiet or noisy.
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It will also be possible to see some correlations between the different recorded signals. The field
calibration procedures will be easily identifiable by their timing and signature. Interesting tran-
sients will be immediately visible. The chart speed of the multi-channel recorder can be changed
to compress the data to examine trends.

The disadvantage of this method is that the signals may vary too much causing the chart
recorder traces to become too crowded to distinguish any trends. One way to overcome this is to
look at the root-mean-square of the signals integrated for relatively short time periods within a
given bandwidth. Both of these methods have been used in analyzing the data from the previous
site surveys.

It may also be useful to have some chart recorders running while the data collection is tak-
ing place. They will certainly indicate the troubled areas of the signal, and the settings of the
instruments can be altered during the next service period to cover those times in a better way.

Once the "typical" sections of the data are identified in a several chosen times during the
period of a day, these sections can be analyzed with a spectrum analyzer to determine the fre-
quency distribution of the "typical" ambient seismic noise level. A comparison of these spectra
corresponding to different times will show the hourly and daily variations in the seismic noise.
Such spectra can then be averaged to get a "weekly" spectrum which can be compared with other
weekly spectra to determine other large-time-scale variations in the seismic noise levels.

The "typical” spectrum of the site may show a different distribution of energy in the fre-
quency bands than spectra taken in another site. The importance of such differences depends
very much on the amplitude of the seismic noise and the frequency band of the region which
exhibits these. If they are significant, in the sense that the design of the instrument needs to be
altered because of them, then it may be worth while to determine the causes of such differences.
The data collected about the environment and other existing data about the site may be instru-
mental in resolving these issues.

The causes of transient signals may have to be determined if they are of significant ampli-
tude and if they are frequent enough to make a major impact on the design of the ligo receivers.

The transients can easily be identified from the chart recorder signals and they can be individually
spectrum analyzed to determine their causes. Again the data recorded about the environment will

be an invaluable tool in this analysis.

An interesting variety of the transients may involve atmospheric phenomena coupling to the
ground through the irregularities of the surface at the site and through the vegetation that sur-
rounds the site. The data recorded with separated seismometers and the weather station will be

able to answer this question.

The transient signals which are caused by the "cultural activity” in and around the site
should be carefully tracked to determine their impact on the instrument design. Even if they are
identified. it may not be possible to eliminate them completely.
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The Heathkit Advanced Weather Computer puts you in touch with the weather

R Sald X8

<%~ The ID-3001 Advanced Weather Computer supplies all the
information you need for making coirect decisions about your
local climate. Homeowners, sports enthusiasts and profes-
sional meteorologists can make use of the accurate environ-
mental data collected, measured and displayed by this state-of-
the-art pevsonal weather station.

A striking cobait blue, the backlit digital liquid crystal dis-
play shows wind speed in miles-pei-hour, knots or kilometers
per hour. A 16-point compass shows wind direction. Indoor
and outdoor temperatures are continuously displayed in
Fahrenheit or Celsius, barometric pressure in inches of mer-
cury or millibars. Arrows show rising and falling values and
their rates. A 6-digit 12- or 24-hour clock displays day and date,
and features selectable automatic leap year and daylight sav-
ings time correction. This means you won't have to worry about
;esti?ing the clock for time changes, it automatically corrects
itself.

Get minimum and maximum readings plus time and date
of cccurrence, wind chill temperature, and fog display (with
optional humidity sensors). Audible and visual alert and alert-
warn signals wamn of severe conditions.

Additional options and required cables are listed Lzlow.

KitID-5001(181bs.) .. . $499.95
wrrable d TDW-2001 Tneludos RE-232 Interface and
ity Sepsoc 120 VAC only. (2010os) ... $993.93

SAVER! Purchase the ID-5001 2long with the Humidity
Sensor and Rain Gauge Sensor and receive a FREE RS-232
Interface Accessory (a $49.95 value).

KitIDS-3001-1(251Ibs)) ..o $599.85

Accessories:

Indcor/Outdoor Relative Hwumidity Sensor
KitIDA-5601-1 (31bs) ...l e $59.95

Rain Gauga Sensor Kit IDA-3001-2 (31bs) ........ $39.95
RS-232 Computer Interface Includes instaliation parts for
ID-5001. Hayes command compatible.

Kit IDA-5001-3(11b) ... ... creveiea... 84995
50' Cable IDA-1290-1(21bs.) ....... s ... 811.95
100’ Cable IDA-1290-2(4158) oo v e $19.95
150 Cable IDA-1290-3(61bs.) ... vven .. el .... $26.95

SPECIFICATIONS: WIND SPEEL:" Displays: Memory: Date, time and
magnitude of minimuin or maximum wind gust. Rate chaage selectable frem
last hour or last 24 hours. Averaze Mode: One minute wind speed average.
Memory: Date, time and inagnitude of ininimum or maximum average wind
speed. Rate change selectable from last hour or last 24 hours. Accureey: =5%
or better. WIND DIRECTION: ™ Display: 32 points of resolution. Oz of 16
indicators arranged in a circular compass configuration. Identified by compass
points and radial degrees. Gust Muede: One second averaging. 2{emory: Dircc-
tion when minimuin or maximum gust occurred. Average Mode: 60 szcond
averaging. Memory: Average direction when minimum or maximum averoyge
wind direction occurted. Wind Mode: One minuic averaging of displays to
ncarest 10 degrees. THERMOMETER: Displays: 2va-digit readout with *-"
sign outdoor indicator, Fahrenheit-Celsius indicators, and msing/falling indi-
cators. Rate of change averaged por hour, Temperature: —40°Cto +70°C.
—40°Fto +138°E Accuracy: = 1.0° from —40°Cto +70°C. £2.0° from —40°
Fto +138° FE Memory: Date, time and maznitude of minimum and miaxinmm
temperatures since cleared; chanze in the last 24 hours. BAROMETER: Dis-
plays: 4-dizit readout. Szparate indicators show if prvssure §s clsing or falling.
Rate of chay god pec hour Pressure Range: 23.0010 32,00 in. Hz

:

n pressure since memaory was cleared,
AL: Power Requirements: 120/2-40 V3C,

Sy

50/60 Hz. BDimensions (overall): 334" H x 15¥2" W x 3%3" D. Weight: 9.3 1bs.

*Ia conformance with the National Weather Service and FAA guidelines for
Wx instrumentation at supplernentary aviation Wx reporting stations. CQ\
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Au;.n:ei Poriaila Woather Rodi a/C.-:,::Zi ’ vk T
Maasuremesnt Systen ' Cali your best friend, ! r o
Monitor local weather conditions with any of these three listen to your favorr‘xie‘ SRS IININE O 5.
battery-cperated parsonal handheld weather computers: radio station, or chiack - A
. the time. You can do them ali with this elegantly-designed Tele-
1 Assembied BW-100 with temperaturesensor ~~ phone/Radio/Clock combination. This top-quaiity wall or desk
(1) ...... ceeeas Was $39.99 Now OMLY 324.95 SAVE SIS telephone is perfect for your kitchen or bedroom. Ithas a lighted
2 Assembled BW-208 with temperature probe and anemomster  dial and is pulse tone switchable. When you're not on the
(Blbs).......... was $159.95 Now ONLY $39.85 3.4¥Z 379 - phone, listen to AM or FM broadcasts. The radio features a
3 Assembled BYW-20 h , lighted tuner, base and treble controls, sliding volume control
35¢ n:a eb . *W/-200 with temperat wre probe'and $enso, and an auto-stop that shuts off the radio when you lift up the
aglebmomwter, avovmetezr amr;weter andﬁo'p\t}ona! rain faﬂ f“}‘i“?i‘ij phone. Wake up to an alarm or music with the built-in alarm
(3lbs) ... as $299.95 Now OMLY $199.95 SAVE $341 clock. It has a fluorascent display and includes snooze.
Accessories: Assemblad BT-500
BY -2 Includes three NiCd Batteries and AC Power (5 Ibs.) ........ W7s 589493 No,v OMLY ¢ 43 99 5AY I8 ‘
Adastur Charger T T =
o35 R 5 $19.99 Now OMLY 89.55 AV 3500 . o~ 355
(i) 3 Was $19.89 Now OMNLY 59.55 o A Fr‘edom Chona
B‘;}f—a 40’ Extension Cable for extending any of the sens;orcq?ifs - “ 777 This hand-held phone lets you
() o .... Was $9.99 Now OMLY $5.95 JAV.E 543 F .7 1 make calls anywhere up to 1000
BW-10 Rain Gauge with 40’ cable included S | ‘ feet from the base.
216s.) ooiin.n. Was $49.99 Now OMLY $28.55 34YE 5729 .+ {1 Includes built-in two-way intercom,
Lo, g ‘handb free speaker phone, nine-
! .0 % number memory, and much more.
i Assembl»d BTthx
for cred:t card or*’ers 24 hours a day. . ‘;
Some items are ciose-ouls. All items are availabl2 in limited =~ t { ¢ sagim Pha-es
quantities. Prices for some items were previously reduced. ' j sy
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FIG. 18—AN AUDIO-VISUAL output indicator that turns on an LED and sounds a buzzer
can be connected directly to any one of the circuits in Figs. 15 to 18.

switches high turning QI on. At that
point, the circuit draws enough cur-
rent to activate D2, which pulls the
3140’s supply voltage down to 4.7
volts. The supply current then rises to
between 8 and 25 mA (depending on
Q2’s supply-voltage value), and the

be referred to as a light-sensitive
transmitter. If the LSR were to be
wired below R3, the voltage at pin 3
would rise as the light intensity de-
creascs and the LSR’s resistance
would increase; the circuit would then
be referrcd to as a dark-sensitive

No costly School. No commuuting to class.
The Original Home-Study course pre-
pares you for the *"FCC Commercial Radio-

t
i
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v

clephone Licensc’ This valuable license
s your "'ticket” to thousands of exciting
obs in Communications. Radio TV, Micro-
vave, Computers, Radar, Avionics and

more! You don’'t need a college degree to

C

jualify. but you do need an FCC License.

No Need to Quit Your Job or Go To School
This proven course is easy, fast and low
cost! GUARANTEED PASS — You get your
FCC Licigise or money refunded. Send for

FREE facts now.

MAIL COUPON TODAY!

resulting drop across Rl turns Q2 on,  transmitter. In both configurations, 1 COMmMAND PRODUCTIONS .:
which activates the output indicator. It the light level at which the circuits ! FCC LICENSE TRAINING,' Dept. 80 H
can now be seen how the positive sup-  become active can be preset via R3. } PO. Box 2623, San Francisco, CA 94326 i
ply line of the 2-wire system also car- The circuit in Figure 16 can cusily : ::\ef;e rush FREE details immediately! H
rics the “state” information. Note  be modificd to be sensitive to tem- ! apomess____ . .. _ 1V
that, in order for the circuit to cperate  perature rather than licht. By replac- ;. oy e CSTATE TP |

properly, the minimum supply volt-
age must be at least 2 volts greater
than Vpge

In most applications for the type of
circuit in Fig. 15, a half-supply refer-
ence voltage is applied to one input of
the comparator, and a variable voltage
is applied to the other input. That
variable input is usually obtained
from a Wheatstone-bridge network in
which one of the elements is a re-

sistive transducer that is sensitive to  high output when the level of a liquid M\\Q ‘SQ 0\1\2%ﬁ il
light, heat, pressure, etc. Because the  exceeds a pre-set level. When the lig- \._\,dgmi\%\) ‘\0‘““@3 ““

r . . ; . I . e pi iy ME R MR
variable input is bridge-derived, the  uidlevelis below the probe’s tip, pin 2 co%‘d\c\g& ® qest .
“trigger point” of the circuit is inde-  of the op-amp is pulled above pin 3, ‘E%\\ 5\6\2\\0\“ g e

pendent of the supply-voltage value
and is determined only by the resis-

tance ratio of the input bridge. uid’s resistance pulls pin 2 below pin \“{\\\\?m ,“\g\\ﬁ P
In figures 16 and 17, only the trans- 3 and the op-amp’s output switches Eo\i c\\“w e =

mitter purtiun of the circuit is shown.  high, With RY's vidue as shown, the O S

That is because all of the circuits can liquid's resistunce between the probe - \\ aw \0\\,00 S»ms 3! 5"

use the receiver in Fig. 15. and the container must be less than Rec‘(dc ““gc\s (0«\‘ \\‘\c(\ :7- W@:ﬁ;ﬁ{{
Figure 16 is a hOht sensitive trans- 3.3 megohms for correct operation. RCRRY) &3\3:“ ot

mitter circuit in which a cadmium- Finally, Fig. 18 is an audio-visual \ac‘g‘d\“%w\\

sulphide photocell or Light-Sensitive  output indicator that can be used with 20 s W

Resistor (LSR) is used as the sensing
element. The potentiometer (R3) and
the LSR (R4) should have nominal
values of at least 10K. In Fig. 16, the
LSR is wired above R3. Con-
sequently, the voliage at pin 3 riscs as
the light intensity increases and the
LSR’s resistance falls; that circuit cun

ing the light-sensitive resistor with
a MNegative-Temperature-Cocfficient
(NTC) thermistor (nominal value
10K), the first configuration would
become an over-temperature transinit-

ter, and the sccond configuration

would become an under-temperature
transmitter. Of course, the tem-
perature at which the circuits would
become active could be preset via R3.

Figure 17 shows a circuit that has a

and the op-amp’s output is low. When
the liquid reaches the probe. the lig-

any of the circuits that are in Figs.
15-17. When a high output is detected
from the transmitter, transistor Ql
turns on and its collector is pulled
high, simultancously driving LEDI
on via R3 and activating IC1, which
produces a pulsed tone in the buzzer
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