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Design of the AFGL Prototype Long
Baseline Tiltmeter

I. INTRODUCTION '.-..

The spatial distribution and magnitude of crustal tilt remains largely unknown.

Information on crustal tilt comes primarily from repeated historic geodetic meas-

urements and tide gauge observations. While these measurements provide some

constraints on the nature of regional crustal tilt, they do not have the spatial and

temporal resolution requir-ed for many applications. For example, it is unlikely

that such measurements can provide information on localized ground deformation

in the vicinity of strategic Air Force facilities. It is important, however, to

monitor such movements since they can impact navigation systems over relatively

short time periods. Tilt measurements may prove useful for forecasting possible

destructive earthquake activity in such areas. .

A group at the Solid Earth Geophysics Branch of the Air Force Geophysics

Laboratory has been actively involved in building and testing borehole tiltmeters

in order to establish the long-term stability of individual tiltmeters and the co- -
1-3herence between closely spaced borehole tiltmeter arrays. In addition, corn-

parisons have been made between borehole tiltmeters at various depths and a

5O-mn long baseline tiltineter. 4 The results of these studies have shown that

(Received for Publication 26 August 1985)

References 1 to 4 will not be listed here. Set, References, page 27.
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borehole tiltmeters at shallow depths (5 3 m) are plagued with short duration

rainfall, temperature, and thermoelastic effects that can contribute to long-term

mechanical drift. 2 Deep borehole tiltmeters (2 30 m) are more stable and are

less affected by near-surface noise. An AFGL deep borehole tiltmeter was

favorably compared to the 500-m long baseline tiltmeter that was optically an-

chored 30 ft below the surface to give an extremely low drift rate. 4 This dem-

onstrated that deep borehole tiltmeters can give stable results; however, high

costs for a tiltmeter and the drilling of a borehole are inevitable.

In an effort to meet the needs of the Air Force for a relatively inexpensive,

stable, and transportable tiltmeter, the Solid Earth Geophysics Branch has de-

signed and built a 1-m prototype long baseline tiltmeter, which is described in
this report. A long baseline tiltmeter was chosen, rather than a borehole tilt-

meter, because of its ability to spatially average near-surface noise and for the

installation cost savings in not having to drill a borehole. The prototype baseline

was kept relatively short (1 m) in order to keep the tiltmeter transportable (small

size), keep its time constant low (on the order of several seconds), and for the

purpose of testing the stability and sensitivity of a relatively short baseline.

2. TROUGH/OPTICS DESIGN

A horizontal half-filled fluid tiltmeter tank was selected because of its inher-

ent temperature stability. 5 The tank is a simple, rectangular, 1-m long plexi-

glass tank. Tilt, in such a tank, is measured as the difference in liquid height

between the ends of the tank. Changes in the liquid height can be measured by two4. ~.
,4. separate optical interferometer systems, one at each end, that use a 256-element

photodiode array detector. Comparing the two measurements results in a tilt

signal. A mini-computer data acquisition system analyzes the data and periodi-

cally records and stores the changes in tilt.

Rather than use two interferometer systems, we decided to include both ends

of the tank within the same interferometer system. This resulted in a simpler

tiltmeter and also reduced the cost. It is important to note that, while this

method works well for relatively short tanks such as ours, it may be impractical

for very long baseline tiltmeters, because the optical beam would have to travel

the length of the tiltmeter and could be affected by atmospheric and thermal fluc-

tuations.

Bvan, J., and Bilham, H. (1977) Thermally induced errors in fluid tube
tiltmeters, J. Geophys. Res. 82 (No 36).
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The Mach-Zehnder interferometer optical system uses an unstabilized 5-mW
He-Ne (Helium-Neon) laser as a light source. Using the dimensions I and L in
Figure 1 and assuming that the tiltmeter system (including the tank and optics) is

tilted relative to the fluid surface by an angle $, the optical path difference (OPD)

between the two paths of the interferometer is .

OPD = [L_+ (U - r - LO) + n (r + L)] - [L+ (I - r + L-) +n (r - LO

= n Lt -LO = L(n -1)

where n equals the index of refraction for the tank fluid, the index of refraction

of air equals one (na = 1), and LtanO : LO for very small angles of 4. The size

of the tilt angle to be measured is generally very small. For example, the peak- ..

to-peak tilt angle for the east-west component of the combined earth tides and

ocean loading in the Boston, Mass. area is approximately 250 nrad. In terms of
the wavelength of the He-Ne laser light where X 0. 6328 #Am,

OPD = L (n - 1) in wavelengths.

SPATIAL COLLrMATING
F -TER LENS

0 EAMSPLIT TER 
MIRROR

L

L% 2

L nTROUGH

FOCUSING LENS We

" OBSERE,'C
MIRROR* FRINGE

INTENSIty
BEAMSPLITTER PATTERN

256 PHOTODIOD

ARRAY DETECTOR

Figure 1. Optical Interferometer and Trough System

6. Cabaniss, G. H. (1978) The measurement of long period and secular deforma-
tion with deep borehole tiltmeter, Proc. 9th GEOP Conf. , An International
Symposium on the Application of Geodesy to Geodynamics, Dept. of Geodetic
Science Report No. 280, The Ohio State University. Columbus, Ohio.
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One interferometer output fringe shift corresponds to an OPD of one half a

wavelength (A/2). Therefore the optical detector actually observes a change of

2L€
5Fringes 6F (n - 1) (1) %

where 6F is the fractional fringe shift observed by the optical detector. The total o 4-

irradiance at the output of the interferometer is 7

I = + I2 + 2 112 cos E (2)
1-2 1 2

where I aind I are the irradiance from the arms of the interferometer, and E is1 2
the phase difference between the two paths. The interferometer is adjusted so

that straight line fringes of equal thickness (also called Fizeau fringes) are foc.sed

onto the optical detector (a 256-photodiode array with aperture size Z 4 mm) so

*o that several cycles of the fringes are incident across the linear detector. Thus

the detector "sees" several cycles of Eq. (2) directly. From Eq. (1),

X (6F) (
€tilt 2L (n - 1)

and, using X = 0. 6328/um (He-Ne), L I m, n 1.33 (water),

D = (0. 959) 6F prad . (4)

Thus, the observed interferometer fringe shift is proportional to the angular tilt
thait caused the fringe shift. The highest resolution attainable, therefore, depends ."

on the smallest fractional fringe shift that (an be observed, and this is only lir-

ited by the amplitude size of the optical and electrical noise. For example, if one

complete fringe cycle fills the 256-photodiode array and a fringe shift over two

photodiodes is distinguishable, then the resolution of the tiltmeter would be ,.

(D 6F prad = (0. 959) (2/256) lMrad = 0. 00750 prad = 7. 50 nrad .

7. Hecht, E. , and Zajac, A. (1974) Optics, Addison-Wesley Publishing Co.,
RHeading, Mass., p. 278.

4
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3. DATA ACQUISITION SYSTEM %9

The data acquisition system of the long baseline tiltmeter (LBT) consists of

the optical detector and associated electronics necessary for transferring the in-

*. terferometer fringe intensity pattern from the detector to: a Digital Equipment

Corporation (DEC) I-SI-11 computer, a real-time clock (part of the [SI-li com-

puter), a digital thermometer that records the temperature around the tiltmeter,

and a floppy disk system for mass storage of tilt data (Figure 2). The optical de-

tector and associated electronics are separated into five subsystems: (a) the op-

tical detector, which is a 256-photodiode array housed on a motherboard that con-

verts the interferometer fringe intensity pattern into an analog video signal, (b) an

analog-to-digital converter that digitizes the analog video signal. (c) a data buffer

for temporary storage of the digital data, (d) a line current driver interface that

drives the digital signal through a ribbon cable to the LSI-1I computer, and (e) the

timing circuitry necessary to synchronize the flow of data from the sensor,

through the subsystems, to the computer. All of the five subsystems, except for

the detector/motherboard, are housed in a 5. 25-in. card cage mounted in a

standard 19-in. equipment rack. The detector/motherboard is connected to the

card cage by an extension card through a 25-in. cable strand (Figure 3). This

allows some freedom in placing the detector close to the interferometer.

POotdod noto1 9lr n C ,m.l

Thermometer

16Optical Detector ",,

256 Plho~odtods Array .-.

I S- . .'--*,.'.-- 5 -.

P~ood~de AnaogData Buffer unit Current

t d d n.,gDriver -

Motherboard /TepryLS 1
Convoerter =± __ StorageIneacMllor to .

Real -Tim -0%"
.

Timing Circuityl Cok,"%

0,6.

Figure 2. Data Acquisition System Block Diagram ::-'
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DATA 1

BUFFER CARD EXTENSION CARD POWER SUPPLY
LINE CURRENT A/D

INTERFACE CARD

256 PHOTODIODE ARRAY
WITH MOTHERBOARD

Figure 3. Photograph of Card Cage for Optical Detector and Electronics

3.1 Optical Detector

The optical detector, a CCPDI (Charge Coupled Photodiode) 256-pixel array
manufactured by EG&G Reticon, is a linear array of p-n junction photodiodes tat

are spaced on 16 -pr centers with a total aperture of 4. 096 mm. 8The array is
mounted on o 22-pin duail-in-line ceramic package under ai ground and polished

windoA (Figure 4). The 22-pin package is soldered onto the RC702A satellite

boird that is directly connected to and rides piggy-back on the BC700A mother-

boaird (Figure 5). The CCPD 256 array and the RC702A/RC700A boards (all man-
ufaictured by EG&G Reticon) make up the CCPD interface system that provides

timing, video processing, and blanking requirements for the C:CPD array. Fig-

ure 6 is asimplified block diagram of the CCPD array and RC702A/BC700A

bo:1rds.

8. lh._ rge( Uple( Photod iode Arrays ( :(PD -2 _)G or (:('PD - 1024 (1971)) TDat:
Ihet , 0. 08088, IKG& G feticori, Sunnyvale, Calif.

R('702A R(:700* ( :(:PI) lnterfzice Svstenm Operaltin4 Instructions (17!),
D~o(unent No. 04 _-0042, ficticon Corporaition, Sunnyvale, Calif.

La.
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Figure 4. Photograph of CCPD 256-Photodiode Array .

Figue 5.Phoograh ofRC72A Stellte oardWithCCP
256-hotdioe Aray ttahedto he R700 Moheroar
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As shown in Figure 6, one complete scan of the CCPD 256-photodiode array

consists of:8 ' 9 incident light on each p-n junction photodiode that generates photo-

current, which is integrated by and stored in the capacitance of each photodiode;

the voltage stored is proportional to the integrated intensity. If the accumulated

voltage exceeds a certain saturation level, the excess charge is shunted off each

photodiode by anti-blooming gates, thus avoiding blooming effects. * At the end of

the integration period, the 256 charges are transferred to two CCD analog shift

registers; even photodiodes are transferred to one register, and odd photodiodes

are transferred to the other. Immediately after this transfer, a new integration

period begins. The two CCD shift registers are then alternately clocked by the

four-phase clock to generate a 256-pixel analog video data stream. Each con-

secutive pixel corresponds to each consecutive photodiode. The relative ampli-

tude of the odd and even parts is adjusted by the odd-even balance potentiometer.

After initial amplification, each pixel is held by the sample-and-hold circuit for

a specific time duration. At the end of the 256-pixel data stream, the dc restor-

ation switch is closed, reestablishing a ground reference to the video signal. The

CCPD 256Photodiode Array Odd-even Sample and Hl"dBalaencdeol Low Pass " ,
Switch Filter

Buffter
Amp
V Video Out

D.C.
Restoration
Switch N

DC'.

.4'.
• looming ref r olekg fro ne or svrl auatdpotdoest eih

Divideices.

Figure 6. Simplified Block Diagram of CCPD 256-Photodiode Array,
JRC72A Satellite Board, and RC700A Motherboard

01

_____-~,.I

*Blooming refers to leakage from one or several saturated photodiodes to neigh-
boring photodiodes such that the saturated level spreads beyond the group of
locally affected cells. Blooming effects are common in multi-celled imaging
devices.

8
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signal passes through a low-pass filter that reduces high-frequency switching %

spikes from the sample-and-hold switch and the dc restoration switch. The final

buffer amplifies the video signal to approximately 2. 4 V peak-to-peak when the

array is saturated.

The frequency of the reference (master) clock on the RC700A motherboard

has been changed from the factory-set value of 1. 5 MHz to approximately 120 kHz

to accomodate the analog-to-digital converter speed. This modification consists

of changing oscillator capacitor C1 to 300 pF and C20 to 0.1 MF on the RC700A
* 10motherboard. (The schematic of the RC702A/RC700A boards are not contained

in this report, however they may be found in Refs. 8 and 9.) The time for one

complete scan is approximately 4. 4 msec or 227 complete scans per second when

the new clock frequency is approximately 120 kHz and the integration period is

set to the minimum amount as described in Ref. 9. Within each scan, the time

for each video pixel is 16 Osec.

3.2 Analog/Digital Converter Board

The analog-to-digital (A/D) converter board houses the analog-to-digital con-

verter circuit and all of the timing circuitry necessary for synchronizing the A/D *.

conversion with the video data coming from the CCPD motherboard. The block

diagram of the A/D converter board, Figure 7, shows the overall view of how the

components are interconnected. The actual circuit schematic is in Figure 8.

Figure 9 is the timing diagram of the important digital signals used in the A/D

conversion.
The analog-to-digital converter (U2), manufactured by Micro Network Cor-

poration, is a MN5123 8-bit converter. The input voltage range is 0 to 10 V. If

converted to an 8-bit digital byte, it corresponds to 00000000 to 11111111 binary

or 00 to FF hexidecimal. It can complete a conversion in 6 jusec with ± least

significant bit (LSB) linearity. There are no gain or offset adjustments necessary

when the operating temperature range is 0 to 70"C.

As mentioned before, the video signal from the CCPD motherboard has a

maximum value of approximately 2.4 V when fully saturated. In order to match

the input voltage range of the A/D converter of 0 to 10 V, the video signal is

multiplied by a factor of four by a noninverting amplifier using an RCA CA3130AE -

operational amplifier (UI). A second CA3130AE is used as a unity-gain buffer

between the amplified video signal and a BNC connector labelled "monitor" on the

A/D converter board. This allows the operator to monitor the video signal di-

rectly with the use of an oscilloscope for alignment purposes.

10. Von Glahn, P. G., Capt. (1981) private communication.
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Referring again to Figures 7 and 8, the video signal, video clock, and the

SCAN START lines all come from the CCPD motherboard. The video clock fre-

quency is twice that of the pixel frequency of the video signal, and is used by the

timing logic to synchronize the A/D conversion with valid video data. The SCAN 4

START digital line changes from a low state to a high state (0 to 1) five video

clock pulses before the first video pixel is valid (see Figure 9). The SCAN

START line stays at a high state (1) during one entire 256-video pixel scan, then

changes back to a low state (0) and stays low during the integration period of the

photodiode :irray. The SCAN START line then goes high again, signaling the next

photodiode array video scan. As mentioned earlier, there are approximately 227

video scans per second, therefore the SCAN START line also pulses 227 times a

second.

Although not every video scan is digitized, the START digital line selects

those that are by gating the SCAN START line. The START line comes from the * , .-

FIFO data buffer board (Figure 10). It is normally at a low state, but can be set

high under computer' control. The INITIATE digital line shown in Figure 10 is

normally low, but is set high under direct computer control. This low-to-high

INITIATY tr:nsition sets latch U16, thereby setting the start line high. It then

goes to the A/D converter- board to gate the next SCAN START pulse, setting the

scan synch latch (shown in Figures 7 and 8) and enabling the electronics to digi-

tize the following video scan. The setting of the scan synch latch (U19, left)

enables the delay counter (U 10) to start dividing the video clock frequency. The

QA output of the delay counter, called the pixel clock, is the video clock fre-

quency divided by two. The QC output of the delay counter, when added together

by gate U22 with QA, gives a pulse that is the video clock divided by five. This

then sets the data synch latch (W!12, top). The rising edge of the Q output of the

data synch latch, as seen from the timing diagram, marks the time when video

data is valid on the video signal line. The pixel clock frequency, which is the

same as the video pixel data, is gated by the data synch latch output to U7 I a shift '.

register set up to strobe the A/D converter (U2) after a 4. 7-psec delay]. The

delay allows for analog data settling on the video signal line.

The negative-going pulse from U7 strobes the A/D converter to start the

analog-to-digital conversion in addition to setting the output enable latch (U12).

During the conversion time, the STATUS line from the A/D converter is high. At

the end of the conversion, the STATUS line goes low, triggering U6 (also a shift

register) to generate a strobe pulse after a 1. 6-psec delay. This pulse on the PL

(parallel load) line is used on the FIFO data buffer board to strobe the 8-bit par-

allel digital byte into the data buffer memory.

13
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During the 256-pixel video scan, the pixel clock continues to trigger U7,
which strobes the A/D converter to digitize each analog pixel. The pixel counter

(Ull, U20, and U19) counts the pixel clock pulses, and, after 256 counts, gener- W-.

ates a scan reset level transition that resets all of the latches and forces the

A/D conversion process to stop. The scan reset also resets the latch on the

FIFO data buffer board (U16) so that the START line goes low and is ready to be

set high again upon command from the computer.
The A/D converter (U2) and the two shift registers (U6 and U7) all receive

their clock timing signals from the clock oscillator made up of U3, U4, and a

crystal. The oscillator itself generates a 10. 1855-MHz frequency that U4 divides

by 8 to give a clock frequency of 1. 273 MHz. This 1. 273-MHz signal drives the

A/D converter's clock, which, by specifications, must be below the maximum

value of 1. 33 MHz. The 1. 273-MHz signal also drives the two shift registers,

U6 and U7, and is responsible for the 4. 7- and 1. 2-jisec delays introduced by

them respectively.

3.3 FIFO Data Buffer Board

The FIFO (first-in first-out) data buffer board houses the digital memory

circuits that temporarily store a complete video scan consisting of 256 8-bit

bytes. After temporary storage, the 256 bytes are sent to the LSI-11 computer

through the line current driver interface board. Temporary storage of the video

data bytes is required, because the computer cannot respond fast enough to re-

ceive consecutive bytes spaced by only 16 4sec.
The memory circuits consist of nine Am2812 32 X8-bit FIFO memory inte-

grated circuits manufactured by Advanced Micro Devices (see Figure 10). The

Am2812 memory circuit has completely independent read and write controls with
input and output rates up to 1 MHz. A strobe pulse on the PL line (generated on

the A/D converter board) writes an 8-bit data byte into the memory. The data

byte automatically ripples through the memory registers until it reaches the out-

put or another data byte previously stored. When a data byte is available on the

output of the FIFO, the OR (output ready) line goes high, indicating valid data.

The data byte is read from the FIFO by applying a pulse on the PD (parallel dump)

line. When this occurs, the rest of the stored bytes ripple down to the end of the

FIFO. The timing signals are designed so that two or more FIFOs can be con-
nected together to multiply the memory capacity. However, because of a pecu-

liarity in the design, FIFOs storing 32Xn bytes only store 31X n + 1 bytes. "'

11. Am2812/Am2812A. Am28l3,iAm2813A. 32X8-Bit and 32\8-Bit First-In
First-Out Memories (1974), Data Sheet, Advanced Micro Devices Inc., *.E-. .

Sunnyvale, Calif.
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Therefore, nine FIFOs will give a total storage of 280 bytes, where the lowest

multiple is equal to or greater than 256.

When the INITIATE line goes high (under computer control by setting the

CSRO line high on the DRV-11 parallel interface on the LSI-11 computer. see

Figure 11) to initiate a video scan sequence, the rising edge triggers a mono-

- stable multivibrator (one-shot. U11). This generates a negative-going 6-jsec

Iise and clears the memory registers of the nine FIFOs by pulling the MR (mas-

ter reset) line low. The arriving video data bytes then ripple down the empty%
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pulse travels to the PD line of the last FIFO, U9, and ripples the rest of the video

data bytes down to the end of FIFOs, thereby setting the next video data byte

available to be read by the computer. Since the read time of the LSI-11 computer 3

is much slower than the write time of the video data into the FIFOs, only a few

data bytes will have been read by the time the 256th byte is written into the FIFOs.

3.4 Line Current Driver Interface Board

The line current driver interface board (Figure 11) is the interface between

the FIFO data buffer board and the DRV-11 parallel interface board on the LSI-11

computer. The purpose of the interface is to boost the current level of the video .,.'.-

and control digital signals through the ribbon cable between the card cage and the

LSI-11 computer.

3.5 Electronics Power Supply and Backplane

The power supply (Figure 12) supplies all the dc power requirements for the

LBT electronics in the card cage including the CCPD motherboard. The power

supply consists of three separate supplies: A PSI Power Products Co. HE-237
10 Amp unit provides 5 V dc for all the logic circuits; plus and minus 15 V dc for

the A/D converter, video amplifiers and the CCPD motherboard comes from a

Semiconductor Specialists Co. P2. 15. 200 200 mA±15 V unit; and minus 12 V de,

needed by the FIFO memories, is supplied by a simple 12-V regulated full-wave

rectified power supply. The wiring diagram of the backplane in Figure 13 shows

how the various boards in the card cage are interconnected.

W PSI

*Figure 12. Schematic of Electronics Power Supply,,..,
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Figure 13. Schematic of Card Cage Backplane

3.6 Digital Thermometer and Interface

The digital thermometer, Model 5510 manufactured by Digitec Instrumenta-

tion, is used to monitor the changes in temperature around the tiltmeter (see -'

Figure 14). It can display temperature in either Centigrade or Farenheit, and .-

has an accuracy of 0.42*C (on the -30.00* to + 50.00*C range) or 0.72°F (on the

-22.00 ° to + 122.000 F range). The repeatability of the thermometer is 0.01.

This is significant because, for this application, the change in temperature is

most important and not the absolute temperature. The thermister probe is

attached to the thermometer through a 6-ft cable. 13

The thermometer has a built-in digital interface for a connection to a com-

puter. Figure 15 shows the wiring between the thermometer connector J3 and a

DRV-11 par:,llel interface to the LSI-11 computer. The thermometer output is a

four-digit CI'D (binary coded decimal) output in which the temperature, as shown

in Figure 15, is encoded. To read the temperature, the computer (through the

DHV-l1 interface) pulls the CSHO line low, triggering the thermometer to take a

temperziture reading. The thermometer responds by setting the BUSY line high

13. Models 5510 & 5530 Thermometers, Equipment Manual, Digitec Instrumen-
tation, United Systems Corp., Dayton, Ohio.
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(1/0) module register addresses used in the LSI -11 computer memory. Thle Q-
timer module is a bettery back-up real-timie clock that can be set under operator

control and is read under program control through access to the Q-timer clock

registers in Table 2. The terminal used is a G.X-l00 graphics terminal (768 \

585 resolution) nlanufac tured by Mlodgraph InL . It features graphics compatible

with the Tektronix 4010 and text editing compatible with the DEC VT-l00.
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Table 2. Input/Output Module Register Addresses

Address Function Bits Used

167760 Tiltmeter electronics CSR*, 12 0-15
167764 Tiltmeter electronics input buffer 0-15
167770 Temperature CSR 0-15
167774 Temperature input buffer 0-15
177304 Q-Timer clock seconds (units)14  0, 1, 2, 3
177306 Q-Timer clock seconds (tens) 0, 1, 2
177310 Q-Timer clock minutes (units) 0,1,2,3
177312 Q-Timer clock minutes (tens) 0, 1, 2 34
177314 Q-Timer clock hours (units) 0, 1, 2, 3
177316 Q-Timer clock hours (tens) 0, 1
177320 Q-Timer clock days (units) 0, 1, 2, 3
177322 Q-Timer clock days (tens) 0, 1
177324 Q-Timer clock day of week 0, 1, 2
177326 Q-Timer clock month (units) 0, 1, 2, 3
177330 Q-Timer clock month (tens) 0
177560 Console receiver CSR '-15
177562 Console receiver buffer 0-15
177564 Console transmitter CSR 0-15
177566 Console transmitter buffer 0-15

*Control Status Register (CSR)

3.8 Tiltmeter Software and Operation 6;6P

%
Version 4. 0 operating system. All of the software, except for the primitive

graphics routines that are written in RT-11 MACRO assembly language, are

written in FORTRAN IV. The driving program for the tiltmeter reads the tilt-

meter data, analyzes it, and writes it into a data file on a floppy disk. This pro- . .

gram consists of a main menu for operator selection of various functions and 14

subroutines for performing the various tasks. Figure 16 is the flow diagram for

collecting tiltmeter data. The operator can display the current time and date.

and the filtered or unfiltered 256-photodiode scan vs intensity plot on the computer

terminal (see Figure 17). and can engage the tiltmeter data collection at any sam-

ple rate from two to ten minutes (sample rates as low as ten seconds can be pro- W %
grammed into the computer). Figure 18 shows a fringe shift between two fringe

patterns. The fractional fringe shift [,F in Eq. (4)], as measured in Figure 18

between the trough positions, is equal to X/D. Figure 19 shows raw tilt data '-.

taken over a two-day period. This figure is a plot of two adjacent trough positions ..

as they move over time. It does not represent tilt; however, it is related to tilt

through the fractional fringe shift previously mentioned. Two corrections are

14. Q-Timer User's Manual (1983), Document No. 131-0100-01, Codar Tech- -
nology Inc., Longmont, Colo. %
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Figure 17. Computer Display of Filtered Photodiode Array Fringe Pattern
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necessary to calculate the actual tilt. First, noise spikes, which occur when the

computer algorithm jumps from one fringe trough to an adjacent one, must be

eliminated. Secondly, the effects of fringe pattern shifts (where the computer

algorithm must jump to an adjacent fringe in order to track the signal) must also
be eliminated. Figure 20 is a scaled diagram showing the calculated tilt signal

over a two-day period after the effects were removed. The variation of the

temperature around the tiltmeter is also shown. Visual observation of the tile

and temperature curves show a strong correlation between the two. Judging from

the amplitude size of the tile signal (over two Prad peak-to-peak), the signal must

be significantly related to temperature since the amplitude of the earth tides is ..--.

less than one-half a prad.

4. CONCLUSIONS N

Due to unforeseen equipment malfunctions, the current prototype tiltmeter, ,

has only been in operation for a short time. However, the photodiode array de-

tector and the electronics design have performed satisfactorily and dependably.

In order to build a multidetector computer system, other photodiode arrays could .:.e

be connected to the analog-to-digital converter through analog switches. This '

optical detector system could then be used for other projects requiring the use of

alinear-array detector.

The mechanical tiltmeter (trough and optics) requires more work to elimin-

ate the temperature dependence. This could be accomplished either by control-

ling the temperature variations around the tiltmeter to less than a fraction of one *

degree or by compensating for the temperature fluctuations (preferably both).

One promising method would be to build another interferometer into the existing_.'e.

one: this would only measure movement of the optics due to temperature, mater-

ial stress, or creep, and would be insensitive to the tilt signal. An example of.-.

such an interferometer is the Sagnac interferometer, which is very similar to the

Mach-Zehnder interferometer. The only difference is the position of one mirror;

however, with specialized optics design, a cube -beam -splitter could be made to

satisfy both types of interferometers. The Sagnac interferometer, due to the

double-ring property of the optical paths, would be insensitive to a tank of liquid
placed between its two paths, and would only sense rotations of the optics.

The length of the tiltmeter tank, of course, is very important, since this

amplifies the tilt signal to be measured. A tiltmeter of this design must always

be kept indoors in order to protect the laser and liquid tank. This, however.

limits the size of the tiltmeter length, unless a long vault is used.
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