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ABSTRACT

Seismic source idcntification studies have continued during the prescnt
rcporting period, using a single large array (the Montana LASA), while
initial construction, design, and seismic survcying have proceeded for a
possible second large array in Norway to work jointly with the ILASA and
other stations. Work onimproving the convenience of machine seismic sig-
nal processing is reported, as well as research on earth structure, micro-
scismic noise, and the measurement of long-baseline earth strain using

laser intcrferometers.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office
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SUMMARY

This is the eighth Semiannual Technical Summary on Lincoln Laboratory's work for the
Advanced Research Projects Agency on the seismic discrimination problem (Vela Uniform).

During this reporting period, work was more or less completed on identification techniques
using data from the long-period (LP) portion of the Montana [LASA as it now stands (Sec. [-B).
Emphasis is shifting toward improving short-period (SP) capability (Sec.I-A) so that the virtu-
ally complete separation of blasts and earthquakes afforded by LP data {above magnitude my =
4% to 5) can be extended to lower magnitudes at which surface waves are undetected, but above
the SP detection threshold (31)., Results are reported (Sec. II) on the ability to locate cpicenters
from a single LASA by beamsplitting, an important part of the identification procedure, particu-
larly for small magnitude events invisible at other stations.

The first SP subarray of a projected large array in Norway has been partly completed, pre-
liminary signal and noise analyses made, and a design study made of the long-period portion of
the array (Sec. IV).

The application to a variety of geophysical problems of digital recording and automatic and
semiautomatic computer processing is under continued investigation and refincment (Sec. V).
During this reporting period, progress has been made in greatly improving the convenience of
signal handling operations through the use of a seismic data analysis console, a small general-
purpose machine with appropriate hardware and software for real-time man-machine-data
interaction.

Seismological research work in the program (Sec. VI) involves a continuation of cffort on prob-
lems of earth structure and the nature of the microseismic noise, as well as a new one, the meas-
urement of earth strains over several-kilometer atmospheric paths using laser interferometers.

A cumulative list of our publications forms Sec. VII.
P. E. Green
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SEISMIC DISCRIMINATION

I. IDENTIFICATION

A. STUDY OF SHORT-PERIOD DISCRIMINANTS

1t was mentioned in the June 1967 Semiannual Technical Summary on Scismic Diserimination
(Sce. II-B) that LASA data were being eollected on a reference population of events from the
Sino-Soviet bloe area in order to provide a basis for the evaluation of various discriminants.
Recordings of events, sent from the LASA Data Center in Billings, Montana, for possible in-
clusion in this population, were subjected to the following sequence of operations. First, a pat-
tern of beams was formed (from subarray sums) surrounding the tentative epicenter reported
on the [LASA station bulletin. From playouts of these beams, a bcst one was chosen and its co-
ordinates used as a revised epicenter. In some cases this proecess was iterated, using a beam
pattern with a finer grid spacing. The final epicenter was thcn used to form a beam by steering
the entire array of 525 elements. In some cases this beam was reformed by using time-delays
which were manually determined by aligning traces (to compensate for inadequate station eor-
rections). This final beam waveform was plotted, with and without bandpass filtering, and used
for the manual measurement of amplitude and dominant period of P and (if present) pP. If pP
was detected, its delay after P was also recorded. Complexity and spectral ratio were auto-
matieally measured on the beam outputs and magnitude determined from the P-measurements.

One hundred earthquakes and 19 explosions have been fully proeessed so far, and a report
(under the title of this seetion) is in preparation deseribing the behavior of several diseriminants
on this population. The chief results ean be summarized as follows:

(1) A plot of eumulative number of deteetions vs magnitude yields a

75-percent cumulative deteetion probability at magnitude 4.45 for
this population.

(2) Although all the events were reloeated by the beamforming proe-
ess deseribed above (and by ehecking the USCGS epicenters which
were available for 60 of the 119 events), only a few were finally
removed from the population beecause their epicenters were outside
the area of interest. In other words, preliminary screening on
the basis of the bulletin epicenter seems to be satisfactory.

(3) Even though some screening out of deep events was performed at
the LLASA Data Center, 49 percent of the processed earthquakes
proved to have measureable pP phases on the final beam.

(4) The remaining population of presumably shallow events is not en-
tirely satisfactory for diseriminant evaluation, sinee it contains
mostly large explosions and small earthquakes with relatively lit-
tle overlap in magnitude range. However, speetral ratio appears
to be quite promising, sinece a perfect separation of earthquakes
and explosions was attained by plotting speetral ratio vs magni-
tude (Fig. 1). In an analogous plot of ecomplexity vs magnitude,
only about half the earthquakes are rejected (Fig. 2).
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(5) By separating our population into events oeeurring in the Kurile-
Kamehatka region and all others (entirely eontinental), it was ob-
served that the distribution of values of the speetral ratio was sig-
nificantly different for the two groups. The eomplexity varied
only slightly between the two. The implieation is that diserimina-
tion eriteria should be dependent on source region. When our
population of earthquakes is restrieted to eontinental, presumably
shallow events, the souree separation aehieved by speetral ratio
is improved.
[t is planned to enlarge this referenee population and econtinue the study of diseriminants.
In particular, eertain teehniques for the separation of populations using several diseriminants
simultaneously will be tried, as soon as a population is obtained whieh does not separate per-
feetly on spectral ratio alone. Il.ong-period measurements will also be made and ecombined
with the SP diseriminants (LP data were available on only a fraetion of the population deseribed
above, and perfect source separation was attained by plotting body-wave vs surface-wave mag-
nitude, when the latter was available).
E.J. Kelly

R.T. Laeoss
R. M. Sheppard

B. LONG-PERIOD DISCRIMINANTS

The experiment to determine the effeetiveness of a single LASA in using the surfaee-wave
vs body-wave magnitude diseriminant at teleseismie distances has been eompleted and the re-
sults published as part of a report summarizing a number of experiments with Montana L.P
data.1 The following is a brief summary of the identifieation results.

The body-wave magnitude (mb) and surface-wave magnitude (MS) for events from four tee-
tonie regions of the earth were eomputed using the method deseribed in the last semiannual
technieal summary. The weaker events were subjeeted to both maximum-likelihood and delay-
and-sum proeessing, whieh aehieved about 14 and 11 db of SNR enhaneement, respeectively. In
addition, if required, matehed filtering was used to aehieve another 6 to 10db of SNR enhanee-
ment.

If matehed filtering is required to deteet the Rayleigh surface waves, then its output must
be used to compute the surface-wave magnitude. This is done by ealibrating the output of the
matehed filter for events which are visible, before the matched filtering is performed, from
the desired epieentral region. A surfaee wave is said to be deteeted at the output of the matehed
filter if, at the computed arrival time, it exeeeds a threshold level whieh is 6 db above the RMS
noise level. It ean be shown that this procedure leads to a 10-pereent probability that noise
alone has exeeeded the threshold.

The results of the experiment are given in Figs. 3(a-e) whieh show Ms vs m for various
regions, as well as the Gutenberg-Riehter empirieal relationship MS =1.59 m, - 3.97. The
results of Fig. 3 are very eneouraging sinee there is a perfect and wide separation between the
earthquake and explosion populations for the Central Asian events [Fig. 3(a)]. The results ob-
tained for the other epieentralregionsin Figs. 3(b) — (d) show that these regions give risetoearth-
quakes for whieh the Ms vs m, eharaeteristic is somewhat different from that of the Central

b
Asian area. In faet, the separation between these earthquakes and the Central Asian explosions
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appears to be worse for these other regions than that found for the Central Asian region. This
has also been noted in a recent study of Aleutian earthquakes and the Aleutian underground nu-
clear explosion, Longshot,2 and several other recent works.3’4

The body-wave magnitude shown in Figs. 3(a-e) was determincd by averaging over several
widely separated sensors at LASA, so that a relatively good determination of body-wave mag-
nitude is obtained, compared with that which would be obtained ata single conventional station. It
should be mentioned that the surface-wave magnitude data given in Figs. 3(a-c) were also plotted
vs the USCGS body-wave magnitude, and gave a similar separation betwecn explosions and
earthquakes.

An estimate was made of the detection threshold at LASA for LLP Rayleigh surface waves
for natural seismic events from the Central Asia-Kurile Islands-Kamchatka region. A selection
of events from this region for which pP was not observed on LASA data from December 1966 to
the end of April 1967 was used as a reference population of events. Approximately 53 events
were included ranging in body-wave magnitude from 3.7 to 6.5. The P-wave for the events was
detected by using an SP beam and the Rayleigh surface waves were detected by using an LP beam
and matched filtering. The results of the experiment are given in Fig. 4, which shows the cu-
e 4.5, and 4.9 at LASA, 60

and 100-percent detectability of Rayleigh surface waves is achieved, respectively.

mulative distribution of the events detected. It is seen that at m

Several LP discriminants other than Ms vs m, were investigated but proved less interesting

because when they work at all, they do so at magn?tudes so high that a simple Ms vs my deter-
mination should suffice. The criteria investigated were Love-wave excitation and use of Rayleigh
waves for depth determination.

The threshold of observability in Montana of L.ove waves proved to be considerably higher
than that for Rayleigh waves, partly because of the higher noise levels in the Montana LLP hor-
izontal sensors (see Sec. VI-B).

We investigated the use of Ms vs my or the dominant perio;i of the Rayleigh phase for depth
determination as part of a study of tsunami warning techniques™ (Sec. V-B). The results are
shown in Figs. 5 and 6, respectively. The disparity between Ms and m, should be depth depend-
ent since, for an earthquake of given energy, the apparent my (i.e., m, uncorrected for depth)
should increase and the apparent surface-wave magnitude decrease as focal depth increases.
Figure 5, giving apparent Ms and my readings for a number of Pacific and circum-Pacific
earthquakes, shows a large scatter, and a depth dependence which, although present, is quite
weak. For example, the data suggest that using an arbitrary decision rule that any event lying
above the dashed line is shallower than 100 km and anything below is deeper, 67 percent of
those having h < 100 and 67 percent of those having h > 100 would have been correctly labeled.

The second approach is based on the assumption that there is a general shift of the spectral
concentration of surface-wave energy toward longer periods for increasing depth.6 Figure 6

shows data in the form of P the period of maximum LASA surface-wave amplitude, vs focal

MJ
depth reported by USCGS. A general increase of PM with depth is seen, although the scatter is

quite severe.

J. Capon
R.J. Greenfield
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II. LASA DETECTION AND LOCATION

The aperture of ILASA provides the ability to form beams with a fairly small main lobe, and
to detcrmine epicenters by "beamsplitting.“7 This is done as follows. The outputs of the sub-
array straight sums are added after proper stcering delays and station corrections have been
applied, thus steering onc beam toward a particular point on the earth's surface. When several
hundred beams are formed and steered at spaced points surrounding a small epicentral region,
the output power of the teleseismic P-wave signal can be measured and then contoured. The
process can be repeated using a small beam spacing centered around thec best beam from the
previous run. The location of the beam that produces the highest signal power is then considered
to be the epicenter of the event. This proccss should };ield fairly accurate epicenters cven for
smaller magnitude events,

By using a small population of events from Honshu, Japan, epicenters were computed from
iocal observations at the Earthquake Research Institute tripartite on Honshu and by bcamsplitting
of Montana data. A grid of beams was formed to cover the epicenter indicatcd by the local data
or by the USCGS when it was available. The beams were separated by 0.5 degree and covered
the area immediately around the supposed epicenter. The beam with the highest signal power
was then considered to be the correct epicenter. In every case the bcamsplit epiccenter was
slightly different from the original epicentcr. A plot of the epicentral differences is shown in
Fig.7. The dashed curve indicates what the theoretical error in epicenters should be, assuming

a particular model of the noise and perfect station corrections.

R. M. Sheppard
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III. MONTANA ARRAY

The last six months have been spent in completing the engincering work on several changes
in the Montana LASA system. Prinecipal among these changes is the installation of eight Ling-
Temco-Vought mierobarographs at the centers of the A0, E1, E2, E4, F1, F2, F3, and F4
subarrays, and provisions for ealibration of the LP sensors by telemetry commands from
Billings. Because the delivery of components has been delayed, installation of the mierobaro-
graphs will not be complete until after 31 December.

Effeetive 1 January 1968, the Air Force Eleectronie Systems Division Seismie Array Pro-
gram Office will take over responsibility for operation and engineering of the Montana LLASA.
A series of reports describing the several recent engineering changes is in preparation. Also
in preparation is a report summarizing the experiments in automated monitor/econtrol of the

Montana LASA. R. V. Wood, Jr.

R.G. Entiecknap
J. P. Densler






IV. NORWAY ARRAY

A. NORWAY SEISMIC SURVEY INSTALLATION

A number of changecs were made in the seismic survey plan described in Sec. VI of the last
semiannual technical summary. As of 31 December 1967, all field work for this season is
complecte. The following summarizes the ficld installations that were actually made. The map

of I'ig. 8 shows the three present sites.

Site 1 (@yer):— Here the original plan called for an 18-km-diameter SP array of 20 sensors,
each in a eased hole approximately 15 meters into bedrock. Substantially all drilling has been
completed. Casing, cabling and installation of well-head vaults had progressed to the point where
12 sensors were connected to the recording shelter when winter weathcr ended ficld work. The
Astrodata SP digital reeording equipment is now operating, recording signals from the 12 avail-
able sensors. The three-component LLP installation, awaiting only the arrival of its digital re-
cording equipment, a Lincoln-built LP DART (DAta Reeording Terminal), is complete at {yer.
Installation of this recording equipment and an event detector unit (designed by C. A. Wagner)
which automatically gencrates a crude station bulletin should be completed within a month.

Powcr and telephone cables to the @yer recording shelter are in place, and installation of the

Telex at the shelter has been promised for 15 January 1968.

Site 2 (Faldalen):— Faldalen contains a SP sensor cluster of five surface sensors (well-

head vaults eemented into holes blasted into outcroppings of bedrock) plus two deep sensors in
cased holes approximately 60 mcters deep with hole locks on the seismometers. An LP 3-
componcnt installation has also becn completed. On a low hill about one-half kilomcter away,

a weathcr station to give wind direetion, wind velocity and temperature has been installecd. Re-
cordings of the SP cluster are bcing made on a SP DART, which can record any six of the seven
availablc sensors. The LP 3-component data and the weather station data are being digitally
recorded on an LP DART. Sinee the Faldalen site is experimental and of interest primarily to
Lincoln Laboratory, wc are recording one 11-hour SP tape per day. Running time for the LP/

weather tapes is about 10 days and coverage is continuous.

Site 3 (Trysil):— The installation here consists of a 3-component LP station only. Sensors
are in place and checked out, awaiting arrival of the LP DART equipment. Operational record-
ing should start in late January 1968. B Wonss i 7 E-Rrown
R. G. Enticknap J.E. Evans
J. H. Helfrich R. M. Lerner

B. NOISE AND SIGNAL SITE SURVEY RESULTS

A plan for a noise survey was outlined in the last semiannual technical summary. The
status of this plan, from a system and engineering viewpoint, has been given above. Short-
period digital data from two sites, as well as analog data from Lillehammer, are now available
for analysis. This work has now begun.

Several samples of SP vertical data from the LRSM station at Ringsaker have been digitized.

An anti-aliasing filter at 3.0 Hz was used and data were sampled at 20 times per second. Samples

11
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Section IV

of sueh data approximatcly five minutes long have been used to estimate ecohereney as a funetion
of instrument separation and frequency. Frcquency resolution was 0.1 Hz, Similar measure-
mecents have also been made using an analog computer at the University of Bergen. Figurcs 9(a-b)
show plots of the digital and analog measurcd coherencies as a funetion of the produet of fre-
quency times the distanee betwecn instruments. There is a bias in the cstimates whieh ranges
from 0.0 for 1.00 echerenece to about 0.2 for 0.0 ecohercnee. Thus, estimated values of about

0.2 indieate true values of 0.0.

Higher rcsolution estimates of cohereney have been obtained from digital data gathered at
Faldalen and to a limited cxtent at @yer. These data, like that obtained from digitized analog
tapcs, indieate that eohereney is a funetion of distance times frequeney at the Norway sites. A
typical high resolution ecohereney at 1.8-km scparation of sensors is shown in I'ig. 9(e). The
bchavior of the eohereney data at @yer and I"aldalen secm to be generally consistent with that
at Ringsaker. The coherency analysis of Norway noise data is continuing.

The structurc of scismie noise in Norway appcars to differ somewhat from that in Montana.
In Norway coherencies appear to drop off somewhat fastcr with distance at frequencies below
1 Hz. Speectra above 1 Hz scem less time variable in Norway than in Montana. As eohereney
data have accumulated, estimates of required minimum spaeings betwcen instruments in an
array in Norway have fallen from 4 km (as uscd at @yer) to 3km, Dircet summing of the four
instruments at Faldalen (average spacing 2.6 km, minimum spaeing 1.0km) has yielded 4.5 to
5db out of a possible 6 db for frequenecics above about 0.6 Hz. This is a somewhat independent
additional indieation that 3-km minimum spacing should be sufficient.

Flarly results from deep (60 metcr) holes show no differenees from spectra mcasured on
instruments placed in surface roeck outeroppings. It appears that instruments should be placed
in rock but that nothing is to be gained by drilling holes up to 60 meters into the roek. This
conclusion, whieh ean have a large effect upon installation cost and difficulty, must be substan-
tiated by further data analysis.

Frequeney-wavenumber analysis has been applied to the digitized Ringsaker data. Spatially
organized noise has becn detectcd in the frequency band from 0.2 to 0.9 Hz. This noise has a
time variable direetion of arrival and normally appears to have a horizontal phase veloeity of
about 5.5km/see. This is too fast for surface waves and too slow for teleseismie body waves.
One sample of digital data from Faldalen has also been analyzed. That also indieated thc pres-
ence of noise with a similar veloeity in the same frequeney range.

Preliminary estimates of Ringsaker station sensitivity have been obtaincd using the observed
signal-to-noise ratios for 10 events, with locations and body-wave magnitudes reported to USCGS.
This was donc in two ways. Let ST be the signal amplitude predieted by the Gutenberg Q factor
working backwards from the published magnitude. Let N be the measured noise level before
an event and Sm be the measured signal amplitude. The effeetive noise level is then STN/Sm'
The cffective zero-to-peak noise thus computed at 1.0 Hz ranged from 0.5 to 5.0 mp, with an
average value of 2.2mu. The value for Montana, taking the station amplitude anomaly into
acecount is about 1 mu. Thus Norway appears to be a few tenths of a magnitude unit less sensi-
tive than Montana.

This was erudely corroborated by a second procedure. Single sensor event visibility during

a period of 240 hours was investigated by looking at times corresponding to all USCGS-reported

13
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Section |V

events 30° to 90° away. There were 85 such events (mb between 3.5 and 5.9). The incremental
50-percent single-sensor detection threshold was at 43 USCGS magnitude.
The analysis of LLP noisec data will begin when all three LP noisc survey sites are operational.
In the meantime, the study of SP noise properties will continuec.
H. Bungum (U. of Bergen) R. T. Lacoss

J. E. Evans R. M. Lerner
R. J. Greenfield

C. LONG-PERIOD ARRAY DESIGN

A preliminary study of array gcometry and engineering factors for an array of LP instru-
ments in Norway has been completed and presented in a technical notc.8 A number of alternative
array geometries using between 19 and 43 elements spread somewhat uniformly on a disk were
eonsidered. (One sueh array is shown in Fig.8.) The patterns corresponding to these configura-
tions were evaluated under the assumption that dclay-and-sum proeessing is to be used to en-
hanee fundamental Rayleigh mode signals and rejeet fundamental Rayleigh wave noise. It was
concluded that the distance from any clement to its nearest neighbors in such an array should
be in the range from 20 to 25km. This spacing avoids spatial aliasing or pseudo-aliasing of
noise propagating as surfacc wavces or of surface waves from interfering events. Such aliasing
could occur with larger spacings. Smaller spacings would reduce the velocity rcsolving power
of the array. It was further concluded that although overall array pcrformance is somewhat in-
scnsitive to the details of instrument placement, it is essential to cheek the directional eharac-
teristies of any array before installation is undertaken. Several idealized array geometries are
analyzed in the report, along with somec randomized arrays and some which are significant per-
turbations of the idealized arrays. Bl ThGeses

J. Capon
R. J.Grecnfield
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V. GEOPHYSICAL DATA HANDLING TECHNIQUES

A. DATA ANALYSIS CONSOLE

The PDP-7 computer inuse at Lincolnis being improved tomake "preprocessing" of seismic
data more rapid and convenient. Both the hardware and the software of the PDP-7 are bcing
upgraded. Procurement is under way for hardware improvements to be effected in about six
months. These include a memory expansion from 16,000 to 32,000 words, and the addition of a
faster scope display and a three-million word magnetic drum for bulk storage of tabular and
archival data. The resulting structure is being called a "data analysis console," and is charac-
terized by an emphasis on input-output convenience and man-machine interaction. The discus-
sion which follows concerns a complete software package that has been completed for the PDP-7
as it presently exists, and which will serve as the prototype for the more powerful softwarec of
the improved PDP-7 hardware.

The console system (Fig. 10) is designed to do many of the standard data processing tasks
more efficiently and accurately, and yet be quicker and easier to use than "batch processing"
as found in most modern data centers. A cathode-ray tube displays the computer output quickly
and in an easily interpretable manner to a human data analyst who can alter the data or give new
commands to thc computcr via a fiber optics light pen, adjustment knobs and teletypewriter
keyboard.

Useless data arc not put onto paper, but are readily available for perusal if needed. Only
after the data have been reduced, or after the operator decides he really wants it, is a pcrma-
nent hard copy produced. This man-machine system puts a man in the feedback loop to do pat-
tern recognition and to make decisions based on his experience as a trained seismologist or geo-
physicist, and to do other tasks that are very difficult for a modern electronic computer. The
computer is in the loop at a place where it can outperform a human. This ability to process the
results of a prior processing without punching data cards and submitting for another pass through
the computing center saves a great deal of time. Some operations that take several days via the
old method can be done in 15 minutes on the analysis console.

Thc operation and control of the console are done by a master Monitor program. This pro-
gram is read in from paper tape, resides in the computer core memory thereafter, and controls
the calling and execution of all the console system programs which are stored on magnetic tape.
The Monitor program always knows which programs have been used and hence which physical
parameters have already been determined. It saves all these data so that further processing
will have access to these data. If the data have not yet been determined, the Monitor will know
it and not let any furthcr processing that depends on these data proceed. All commands to the
Monitor are input to the computer simply by typing on the teletypewriter keyboard a one-
character mnemonic code (given in square brackets [ ] in what follows). The Monitor fetches
the proper program from the program tape, reads it into the core memory and executes it.

The program tape contains the console display system [D] which is the basic program from
which most of the other programs are called after an initialize operation [I]. It is designed to
generate a CRO display of digitized seismograms in a manner to which the seismologist is ac-

customed, namely up to 21 seismograms (earth motion vs time) stacked vertically, each of
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duration 600 samples (30 seconds of SP data or 25 to 300 seconds, at will, of LLP data). Six knobs
control parameters of the display, the horizontal and vertical gain of the seismograms, the ver-
tical separation between them, their horizontal and vertical positions and a clipping level to pre-
vent trace overlap.

The operator can use this program to visually scan his way backward and forward through
the data and then pick a portion of any seismogram for further processing by other programs.
This picking is done by pointing the light pen at any waveform which causes it to be saved in a
"reference buffer.” The contents of this reference buffer are displayed at the top of the screen
with a vertical cursor appearing at the exact point in the waveform that was touched by the light
pen. This "reference" trace is unaffected by any of the knobs. Thus one can, for example,
move all the traces, one by one, alongside this reference by adroit manipulation of the horizon-
tal and vertical position knobs for visual alignment and correlation. This process is used to
pick arrival times for the various traces to be used for beamforming and location. By proper
adjustments of the gains, this time picking can easily be done with a precision of 50 msec on
SP data.

A number of programs succeed the Display program and can then be used for specific ma-
nipulations. The current ones are (more programs will be added to the system when they are

written and checked out):

Location [L]:— If three or more arrival times are picked on the Display program, the best-
fitting plane wave that minimizes the RMS error is calculated, and from this the horizontal
phase velocity and azimuth. In addition, the relative arrival times when this plane wave would
hit all 21 sites, along with the residuals to these times, are typed out. Provision is made for
deleting times from any sites that may have large residuals and then repeating the calculations.
(If the data are from SP seismometers, station corrections will have automatically been inserted
in this calculation, and the distance from the center of LASA and the latitude and longitude of the
epicenter will be computed. Also, GMT at which that portion of the seismogram corresponding

to the reference cursor must have originated is calculated, assuming a focal depth of 33 km.)

Beamforming [B]:— If one or more time picks are made in the Display program, the delay-

and-sum beam will be formed and placed in the reference buffer. From here, it can be filtered
(see below) or used as a reference to pick arrival times from weak events. Channels that have

been deleted in the Locate program just described are automatically deleted from the beam.

Constants [C]:— This program displays the reference waveform on the scope so that two
points can be selected by the light pen. The GMT corresponding to each point (to the nearest
0.1 second) is then displayed on the CRT, as well as the time difference between the points and
the amplitude difference in millimicrons corresponding to the two points picked (assuming nor-
mal calibration for the data displayed). The magnitude based on these last two quantities is
typed out on request, if the distance has already been computed. (This assumes that the two
points are peak and trough of the seismogram.) If the data are from a SP instrument, the "Q"
factors are those for a depth of 33 km. If the [A] key is depressed on the teletypewriter key-
board, the cursors will be automatically moved to the nearest portion of the seismogram with
zero slope. This eliminates the need for exact placement of the cursors by the light pen when

determining period or peak-to-peak amplitude.
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Filtering [F]:— The 21 seismograms or the referenece (each 600 samplcs long) ean be filtered.
Currently, one has the ehoice of two filters whieh have been found useful in the past,c) a Butter-
worth filter (B], or a notch filter [N].

Plot (P]:— This program plots all the 21 traees on Sanborn chart reeorders, providing hard

copy of the intcresting waveforms.

Transform [T]:— This program eomputes and displays 512 points on the autoeorrelation
function of the rcference waveform, after the reference waveform has bcen truneated so that it
is set to zero outside time interval (A, B), where A and B are set by using the light pen.

The finite Fourier transform of either the modified referenee or of its autocorrclation func-
tion (both considered periodie with a period of 542 samples) can bc eomputed and displayed (dee-
ibels vs frequeney). The autoeorrelation funetion can be truneated before this transform opcr-

ation by using a knob in a manner similar to that in truneating the original waveform.

Complexity (X]:= This program eomputes the eomplexity10 of the referenee traee (beam or

seismogram, raw or filtered) starting at the cursor point. The complexity is defined as the in-
tegral over the first five seeonds of the absolute value of the waveform (less any DC eomponent)

divided into the integral over the suceeeding 30 seconds of the absolute value of the wavcform.

Sonogram [S]:— This program eomputes and displays the sonogram (powecr as brightncss vs
frequeney vertically and time horizontally“) of the reference traee starting 1200 samples before
the beginning of the referenee buffer. The sonogram eorresponds to 160 seconds of SP data,
thus placing the start of the referenee buffer data at the center of the sonogram display. A bank
of 50 eonstant bandwidth filters is used, eaeh with a (sinx/x) type frequeney response, whose
impulse response is a sine wave exaetly 10 seeonds in duration. The filtcrs are spaeed 0.1 Hz
apart, over a range of 0.1 to 5.0Hz. FEach filter output is full wave rectified and passed through
two low-pass filters in eascade. The first is an energy summing "integrate and dump" filter.

It sums thc output of the rectifier for one second, then resets itself to zero and rcpcats. The
seeond filter takes these outputs sampled just before the dump (i.e., onee eaeh seeond) and per-
forms "RC" type low-pass filtering. The 3-db eutoff of this filter is 0.141 Hz. The output of this
bank of 50 "RC" filters is displayed in the sonogram so that one has on the scope a frequeney
speetrum as a funetion of time. The energy profile, integrated speetrum, and speetral ratio
ean also be caleulated and displayed by this program.

P. L. I'leek R. E. Gay
L. T. Fleek L.J. Turek

B. TSUNAMI WARNING USING A SINGLE LARGE ARRAY

A study was made of the potentialities of a single large array like the Montana ILASA in
providing rapid tsunami warning information from earthquakes at teleseismie distanee from
the array. The results will be reported in a Lineoln Technieal Note. It appears that speed
and loeation aeeuraey of sueh a station are adequate. Depth determination from depth phase
observation is somewhat enhaneed eompared to that available from a small station (as men-
tioned in earlier reports), but the reliability of depth determination by the eombined use of

depth phases, body-surfaee magnitude differenees, and surfaee-wave dominant period is still
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not as reliable as required. A detailed flow diagram of machine and manual array station ob-
servations for rapid tsunami warning is included in the report. In an Appendix the empirically

observed limit on tsunami magnitude imposed by water depth is explained.

P. E. Green
R. J. Greenfield
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VI. SEISMOLOGICAL RESEARCH

A. CRUSTAL STRUCTURE UNDER MONTANA LASA INFERRED

FROM STATION ANOMALIES

The timc station residuals at LASA were found to have large values, even when reduced to
a reference within the array itself. The residuals were also found to have a strong dependence
on the direction and distance to the epicenter. A recently published technical note12 describes
this station cffect and its interpretation in some detail.

When the average values of the station residuals were plotted and contoured, they indicated
that slower crustal velocities seem to be present near the center of the array while most of the
outer regions of the array exhibit higher velocities. Figure 11 shows the contours of the
station residuals relative to site A0. 1n this case the residual is defincd by the equation,
RS (trl - tAO) - (t'n— t'Ao), where tn is the measured arrival time at a subarray and t;1 is the
Jeffreys-Bullen computed arrival time at that subarray.

Values of the horizontal phase velocity of teleseismic P-waves obtained by LASA were
higher for events from the Aleutians-Kuriles-Japan regions than they were for events from
South America. As the size of the array aperture was reduced, the difference in the phase ve-
locities became greater, indicating that this effect was due to the crustal structure under LASA
rather than to the mantle travel path of the P-wave. An example of the separation in phase ve-
locity curves for the two major seismic regions is shown in Fig.12. The data indicated by x
are from South America while O indicates data from the Aleutians-Japan areas.

The existence of the large station residuals and the unusual behavior of the phase velocity
curves reflect the existence of a crustal anomaly of unusual character. The contours of the
station residual seem to indicate that the anomaly is centered near sites D4, B4 and C1 and may

have the shape of a depression in the crust-mantle boundary.

R. M. Sheppard

By applying methods similar to those of refraction seismology, it is possible to determine
a non-parallel-planar structure which will give P-wave arrival time anomalies which agree with
observed anomalies.

At LASA the observed anomaly, relative to the A0 subarray, at the ith subarray is defined

as

RO = (t

i i~ ta0! observed — &

i~ tao Jeffreys-Bullen tables
Similarly, the anomaly predicted by the structure is

s
Ri - (ti - tAO) structure (ti h tAO) horizontal layering only

These anomalies are dependent on the earthquake epicenter. Residuals observed at LASA in-
dicate that the structure is, to a first approximation, delineated by non-parallel planes striking
N 60 E.
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Fig. 11. Mop of Montana LASA showing contours of averoge
station residual relative to subarray AO.
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The cross section of such a structurc giving anomalics in good agreement with the observed
oncs is shown in Fig. 13. Average observed anomalies for events from two epicentral regions
at the [LASA subarrays has bcen plotted vs distance perpendicular to the strike of the structure
in Fig. 14. The solid and dashed lines on the figure arc the anomalies predicted by the structure.
The fit is observed to be quite good. The predicted anomalies are fairly sensitive to the param-
etcrs of the modcl; for example, using the P-velocities assumed, motion of any interface by

more than 10km results in a large disagrcement with the experimecntal data.

R. J. Greenfield

B. MONTANA NOISE STRUCTURE

Studies of the structurc of both LP and SP noise at the Montana LLASA are continuing. Single-
channel power spectral densities, cohcrencies, and power spectral densities in frcquency-
wavenumber space can be obtaincd routincly for both the LP and SP noise. The estimates of
single-channel spectra and coherencies are obtained eithcr by Fourier transforming estimated
correlation functions or by using the direct segment mcthod as described by Capon, et a_l.1
The spectral density at wavenumbcr k and frequency f in frequency-wavenumber space is cur-

rently estimated by

S PO
Z/ LN exp [i21rf

m=1 n=1 'J Pmm(f) Pnn(f)

where K is thc numbcr of seismometers, r, is the vector location of the n'

Pk ) = &

h seismometer, v is
the vector phase velocity corrcsponding to wavenumber k and frequency f, <..,..> denotes
scalar product, and Pmn(f) is an estimate of the cross-power spectral density between channel
m and channel n. The Pmn(f) are obtained by the direct segment method with or without weight-
ing of the time series to obtain an improved spcctral window.

Typical single-channel spectra, for SP vertical.seismometers, uncompensated for instru-
ment characteristics, are shown in Fig. 15(a). The greater power at low frequencies on 2 De-
cember 1965 is typical of late fall and winter conditions. At any given time, spectra estimated
from different seismometers are similar below 1.0Hz but are quite variable above that frequency
because of local noise effects at the higher frequencies. The single-channel spectra for any one
of the three LP components are much more complex than the SP spectra. The LP spectra tend to
havc three peaks. Figure 15(b) shows typical spectra. The relative size of the three peaks is
quite variable. The size of those in the vicinity of 0.06 and 0.12Hz tend to vary together relative
to the lower frequency noise, although that at about 0.12 Hz can occasionally become large rela-
tive to that at about 0.06 Hz. The factor-of-two relationship between 0.06 and 0.12 Hz is consist-
ent with the Longuet-Higgens theory for the generation of microseisms although, as will be noted
below, the noise appears to contain Love as well as Rayleigh modes. The noise on horizontal
LP instruments at LASA has often been found to be several db higher than on the verticals. This
observation is based upon noise samples taken primarily from fall and winter months.

Wavenumber analysis of SP noise has yielded considerable detailed information. In gen-

eral, the noise tends to be most spatially organized in two frequency bands. In the region
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from 0.2 to 0.3Hz much of the noise propagatcs across the array with a horizontal phase velocity
of about 3.5km/sec. This is the approximate velocity of the first higher Rayleigh mode in the
area. Although this noisec occasionally comes from the west or northwest, it normally arrives
from the northeast. This noise from the northeast is most likely generated by storm activity
ovcer water off the coast of Newfoundland. The occasional arrivals from the west arc most likely
generated by storms over the North Pacific. The SP surface waves generated by these storms
are, however, severely attenuated by mountain structures between LASA and the coast. Thc
most organized noise detccted from 0.4 to 0.6 Hz normally has horizontal phase vclocities cor-
responding to tcleseismic body waves. Since only vertical instruments arc used, this noise is
assumed to be P-wave. In some cases the possible sourcc region for this noise has been com-
puted using standard travel time curves. These regions turned out to be in oceans and corre-
sponded to low prcssure areas on surface weather maps. They did not turn out to be the seismic
regions of the earth as might have been expected from earlier ideas on the origin of the high ve-
locity component. Above 0.6 Hz it has been uncommon to identify any significant amount of spa-
tially organized noise on the SP instruments, although there is cohercnce for small scismomecter
separations.

Considerable spatial organization has been detected in all components of the LLP noise by the
use of frequency wavenumber analysis. An analysis has been carried out for scveral noise sam-
ples taken from fall and winter months in the frequency band from 0.02 to about 0.15Hz. Signifi-
cant amounts of spatially organized noise have been detected regularly at all frequencies abovc
about 0.03Hz. The most organized noise has tended to be at frequencies for which the single-
channel power spectral density was large.

Although the degree of organization is variable, it is often large in the signal band from
0.025 to 0.05Hz, as well as at the 0.6- and 0.12-Hz peaks. Figure 16 shows the organization
of noise at 0.05Hz as measured by nine vertical instruments in the (A) and (C) rings of LASA.
The numbers in the diagram represent percentage, with respect to total noise power, of the
power on the indicated contour. For example, a single plane wave propagating across the ar-
ray would yield a peak value of 100 percent. Thus, the plot indicates a large amount of noise
power propagating across the array from the northeast.

The phase velocities (3.7 to 3.0 km/sec) in the region from about 0.03 to about 0.15 Hz, using
vertical instruments, indicate that the vertical organized noise is fundamental Rayleigh mode.
The horizontal component of organized noise appears to consist of Love waves as wcll as the
horizontal component of the Rayleigh waves. This has been verified in two ways on one noise
sample for which all components of noise were highly organized. Estimates of the polarization
matrix of the organized noise have been obtained. Table I shows such a matrix. Entries in
the matrix are self- and cross-power spectral densities of vertical (Z), radial (R), and trans-
verse (T) noise components. The radial and vertical components are highly correlated and 90°
out of phase. The transverse component is not highly correlated with either of the other two,
although it contains considerable power. The presence of significant amounts of Love energy
has also been verified by performing a frequency wavenumber analysis using horizontal com-

ponents pre-rotated to be transverse to the direction of noise arrival.
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TABLE |
POLARIZATION OF DIRECTIONAL NOISE
(29 December 1966)
1
z R 1
z 1025 + 0.0 39 —948i -214 -76i
39 + 948 984 + 0.0i 151 — 1831
i —214 + 76 151 + 1831 2174 + 0.0i
B =298°
v = 3.7 km/sec
f=0.065 Hz

R. T. Lacoss

M. N. Toksoz (M.L.T.,
Geology and Geophys.
Department)

C. LASER INTERFEROMETER EARTH STRAIN MEASUREMENT

The earth undergoes a strain buildup with time ultimately leading to the rupture associated
with an earthquake. The level of strain buildup required to initiate an earthquake is not known
sufficiently well to be of use in anticipating the time or energy of the cvcnt, but there is evidence
that shortly bcfore an earthquake the rate of strain accumulation in a fault region may change
from its previous rate (parts in 108 per day in active regions), a phenomenon whieh should be
detectable with sufficiently accuratc measurements. Since the strain as observed on the sur-
face is present over a rcgion of tens of kilometers, corresponding to the domain of the dipole
stress field set up by the dislocation, the baseline of obscrvation should be at least several
kilometers long. This avoids the possibility that the instrument is mecasuring a local cffcct on
a block of material of atypical properties, and also avoids othcr known extrancous factors such
as time-variable ground water conditions.

Conventional surveying can detect these strain increments of 108 only if obscrvations are
made over a period of many years. By means of modulated light beams or radio phase meas-
urcments, surveyors can now achieve accuracies of parts in 106 in real time as the state of
the art. Several groups are refining this further with the hope of achieving parts in 107 on open

B idn, 06 Variable atmospheric retardation is the problem in all these tcchniques.

air paths.
Other groups are working with cvacuated tubes of kilometer 1er1g‘chs,17 but we fcel that the expense
of constructing many such installations will limit their use in the long run to a few sclected paths.

In the realm of strain seismology over short baselines, measuremcnts to sevcral parts in
1010 are being made with 30-meter quartz rod strain seismographs18 and with lascr interferom-
eters,w'zo the latter being restricted to short distances over which it is fcasible to build en-
closed tubes to avoid atmospheric effects.

We propose to face directly the problem of making measurements through the atmosphere

at a degree of accuracy intermediate between the strain seismograph accuracy of 10_10 and the
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modulatced light beam figure of 10-6, by the use of Michelson interfcrometer techniqucs. If this
can be achieved, only fixed terminal point markers defining the many paths to be measured need
be set up pcrmancntly. Our objective is to monitor the distance between points spaced 10 km to
accuracies of 0.1 mm, a part in 108, although a successful measurcment to a part in 108 over

1 km would still constitute an important contribution.

The atmosphere puts threc difficultics in the way of making such a measurement: (1) tur-
bulence, (2) a slowly time-varying bulk atmospheric retardation of about 300 parts per million,
and (3) a further slowly time-varying retardation of about one part per million due to water
vapor. The proposed solution to thesc problems will now be described, followed by a discussion
of currcnt progress in attacking the first of the three.

The atmospheric turbulence causes multipath, that is, distinct ray paths that differ in path
length by amounts exceeding a half wavelength of light. Such ecffects predominate over path
lengths exceeding several hundred meters. The multipath manifests itself in large amplitude
scintillations or "twinkling" and in rapid phase fluctuations cxceeding 360°. A simple interferom-
eter would not be applicable over a 10-km path because atmospheric multipath is more than
one wavelcngth in extent. In effect, the probing accuracy is too finc grained for thc medium at
hand. Howcver, a Michelson interferometcr can be made to function on the envelope of the beat
between two closely spaced monochromatic frequencies. Using, for instance, the lines at 6351
and 6328 A from a Hc-Ne laser, a beat of 1720GHz is obtained, corresponding to a waveclength
of 0.174 mm. This "beat wavelength" represents a more suitable yardstick than does the actual
wavelength of the light, since it is longer than the atmospheric multipath sprcad cven for a path
excceding 10km. On the other hand, it is much shorter than thc modulation wavelengths cur-

rently achievable by direct modulation of the light beam,is’ i

about 3cm, and is correspondingly
more accurate.

The system envisaged for overcoming the multipath uses state-of-the-art components. A
block diagram is given in Fig.17. The system* has a single He-Ne laser operating simultane-
ously at the two wavelengths, 6351 and 6328 [i For clarity, this is shown as two lasers in the
figure. The optics are identical to those of a simple Michelson interferometer. To understand
the principle of operation of the long interferometer, imagine atmosphcric turbulence (which
produces the multipath condition) to be absent, and consider the situation with only the 6328-;&
radiation present. If one moved the distant corner reflector, a sinusoidal intensity vs position
plot would result possessing a peak each half wavelength (0.00003164 cm) of displacement. Re-
peating the experiment with only 6351-A radiation, intensity peaks would appear, each
0.00003176 cm. With both wavelengths present at once, the familiar beating pattern will occur
as the mirror is moved. For about a hundred and forty fringes, the patterns will coincide to
make the fluctuations reinforce, then the fluctuations will tend to be out of phase for a similar
number of fringes, and so forth. This distance of approximately 275 fringes corresponds to
0.0087 cm, a half wavelength at the beat frequency 1720GHz. With atmospheric turbulence
present, the phases of the two sinusoids will fluctuate severely, but that of the envelope will

not.

* Fach of the boxes marked "synchronous detector" actually consists of a number of components
described later and shown in the dotted box of Fig. 18(b).
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In practice, instead of moving the distant corner reflector back and forth over a short dis-
tancce to bring out the beat pattern so that its phase may be mcasured, the two-waveclength laser
(or the pair of lascrs) is subjected to a small sinusoidal frequency modulation of 106Hz out of
the 5 X 1014-Hz carrier frequency, thus serving three purposes simultaneously: (1) exhibiting
the beat pattern, (2) chopping the light beam to avoid the need for DC amplifiers following the
photo tube, (3) "tagging" the return radiation from the distant reflector so it is not confused
with ambient light or light from the laser backscattered through the optics at thc transmitter
and/or by dust particles, etc., in the optical path.

If it were not for atmospheric retardation effects, the equipment described so far would bc
sufficient to measurc strains to the accuracy achieved in the difference of the two laser wave-
lengths. However, atmospheric effects amounting to 300 parts per million and varying as much
as 30 parts per million must be corrected for. Therefore, the foregoing two-wavelength intcr-
ferometer is to be duplicated at another pair of optical wavelengths such as the bluc-green
(4900 ;\) region of the argon laser or within the 11,000-‘& region from still another He-Nc lascr.
This is to take advantage of the large dispersion of air (10 percent for 6328 to 4900 K, 3 percent
for 6328 to 11,000 K) between these wavelengths to determine independently the total atmosphcric
refraction. The same optics are used for both wavelengths, with the exception of course, of
the laser and the photocell. Several possibilities (e.g., prisms or dichroic mirrors) are avail-
able for "diplexing" the two lasers and photocells. This second system is not shown in thc
figure, since it duplicatcs the principle of the system already shown.

The two-color technique was first described by Prelenin.21 For any pair of colors selected,
the relative refractivitics retain a constant ratio independent of temperature or pressurc. Thus,
we may write the group refractive index at wavelength number one as a function of position x as

Ryl ey Fé_‘(’% 1
where k1 is a constant depending upon the precise wavelength selected, p(x) is pressure as a
function of x, the distance along the path, 6(x) is temperature (absolute) as a function of x,
and similarly for the second wavelength,

n,(x) = k, % +1
Taking c¢ as the vacuum velocity of light, we may write the respective travel times integrated

over a path length L at the two wavelengths as

1 SL
tizz ni(x)dx
o

=

=_1§L pl) 4, L
c Jy o (x) c
and an identical equation for tz except that k1 is replaced by kz.

The second term in each case represents the travel time over a path length L for a vacuum,

i

L
OhC
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What is desired is to solve for the integral to find the amount by which t, or t, must be corrected

to arrive at t.. Since the expression under thc integral sign is the same in each case, we may

0
write
k —
t,—t, = =2 kigL Plx) 4o
2 1 c 6 (x)
(o]

and thus

to-t k2 —t 4

0 1 kZ_ki 2 kz—k1

If, as in the example of red and blue light, k1 and kZ differ by about 10 percent, it is necessary
to measure t1 and t2 (or more specifically, their difference) to at least 10 times the accuracy
to which it is desired to determine to. This is why a system precision of better than 10_9 s
prescribed for achieving an overall accuracy of 10

The prescnce of water vapor introduces a further error with the two-color method which
can amount to several parts per million under saturation conditions. It would be possiblc to
use a third optical wavelength region to measure the dispersion introduced by the water vapor.
However, from sensitivity considerations it appcars prefcrable to usc the 10-cm microwave
region for this third wavelength. The refractivity of water vapor is 30 timcs as great as at
optical wavelengths, making thc differencc in thc travel times at the two wavelengths a sensitive
measurc of the amount of water vapor present in thc propagation path. It is proposed to use a
commercial surveying instrument, such as the portable Tellurometer, with little modification
other than improvement of the crystal oscillator stability, for the microwave mcasuremecnts.
This auxiliary measurement of water vapor content over the path must correspond to an ac-
curacy 0.3 percent in relative humidity (at 20°C) if an ovcrall accuracy of 10_8 is to be achicved.

The overall measurement accuracy is spccified as one part in 108, and imposes a require-
ment on the absolute wavelength stability of the lasers to at least this value. The relative wave-
lengths of the different lasers in the system must bc stabilizcd yet even morc preciscly. As
mentioned above, the relative wavelengths of the blue and thc red lasers must be stabilized to
a part in 109. An cven more stringent requirement is imposed on the relative wavelengths of
the 6351- and 6328-A lasers. The small diffcrence in the frequencics corresponding respcctively
to these two wavelengths must itself be accurate to one part in 109. This imposcs a requirement
of 3.5 parts in 1012 for the stability of one of these lasers in terms of thc othcr. Of course, the
two lasers in the blue region must be similarly stabilized with respect to one another.

To summarize, the proposed system is to consist of two double-frequency lasers with as-
soclated optics, plus a microwave distance measuring equipment. This system still does not
provide an unambiguous measurement of the distances since the fringe modulation envelope will
be at the same position for any multiple of a half-beat wavelength, 0.087 mm. To resolve this
ambiguity, it is necessary to move one of the frequencies in each of the pairs a small amount.
This is most easily achieved by subjecting the laser to a magnctic field (5000 to 10,000 gauss) to

induce Zeeman splitting.
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At this time we have successfully demonstrated a single-wavelength Michelson interferom-
eter at 6328 A over a 1.5-km path between Lincoln Building C and the L. G. Hanscom Field. The
most successful earlier attemptszz' . to do this resulted in observed spectral broadening of at
least 18 kHz, correctly attributed to the equipment rather than the atmosphere. By careful at-
tention to the stability of the commercial laser used in our experiment (particularly the power
supply and temperature control), we have observed a frequency spread of less than 200 Hz under
typical winter atmospheric conditions. These results are now in much closer agreement with
theoretical values based on turbulence theory and observed amplitude fluctuation statistics.24’ el

What follows is a description of the existing experimental setup, and then a presentation of
the observed data. Figure 18(a) shows a Michelson interferometer schematically. Plotted below
is the effect of changing the path length to one of the mirrors. The intensity as a function of dis-
placement £ follows a sinusoidal curve (displaced upward from zero by a positive bias) of one
peak per wavelength.

The actual interferometer system we have used is more complicated and is shown in
Fig. 18(b). The use of two beamsplitting mirrors rather than one permits greater flexibility
in selecting beam sizes and intensities. The short-path beam is made about 10,000 times as
intense as the long-path beam in order to increase detection efficiency, a procedure at variance
with the usual interferometer practice of making the two beams of approximately equal strengths
to maximize the ratio of the intensities of the fringe peaks and troughs. The end reflectors are
corner cube reflectors, avoiding the need for their accurate orientation. The beamsplitter mir-
rors still must be oriented to a fractional wavelength accuracy over the useful beam diameter
(several millimeters).

The signal processing block diagram, also included in Fig. 18(b), is based on the need to ob-
tain unambiguous phase information™ in the presence of variations of the intensity of the returned
laser beam and of the ambient background illumination. The electrical outputs areicompatible
with the real-time inputs to our PDP-7 computer.

The optical path length of the interferometer is "dithered" or swept over several wavelengths

at 1000 times per second.

That is,
A(it) = lo + M cos pt
where
£ = path length (optical)
lo = path length at center position of mirror
M = amplitude of dither

* The phase ambiguity modulo 360° of course cannot be eliminated without using two or more
laser wavelengths simultaneously or in rapid alternation.

t This can be accomplished either by moving the remote mirror sinusoidally back and forth or
by shifting the frequency of the laser by a small amount (about 106 Hz out of a carrier frequency
of 5 X 1014 Hz). Although we have used the latter procedure, the discussion to follow will pro-
ceed as though the actual mirror were moved. Figures 17 and 18(a) show the mirror actually
being moved. Figure 18(b) shows the experiinental setup as it actually exists.
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p = dither rate, 27 X 103 radian/seeond in this case
t = time.
The intensity 1 as a function of path length is

10¢) = 2—{ ke commt

and as a function of timec, the intensity 1(t) is (disregarding the constant)

1(t) = COS[ZT7T (£ + M cospt)]

We may normalize to put the equation in a more familiar form by setting (27/X) lo = ¢, the phase
angle for a path length 10, and (2r/x) M = m, the phase modulation index introduced by the
dithering of the path length, giving

I(t) = cos (m cospt + ¢)

This reprcsents the expression for an FM signal at zero center frequency and modulation index m.
What we are interested in is recovering the phase ¢. This could be acecomplished by cross cor-
rclating thc intensity I(t) against a locally generated wavcform of the same type as above and ob-
scrving the value of ¢ that yields a maximum correlation. The same result can be accomplished
by taking the cross corrclation for just two values of ¢: 0 and —7/2. That is, wc can use two

functions
X(t) = cos (m cos pt)
Y (t) = sin(m cos pt)

where X(t) and Y(t) are quasi-orthogonal, approaching true orthogonality for large m. (The
orthogonal interval is one period 27/p.)

Under these circumstances, if we define the cross-correlation terms,

x = <X(1) 1)

av

y = <Y(t) 1))

av
the phase angle is

= it Z
¢ = are anx B

where the correet quadrant assignment of ¢ is based on the signs of thc individual quantities x
and y.

1t should be noted that the above analysis assumes that !O or ¢ is essentially unchanged
over the time interval 27/p, corresponding to one eyele of the dither frequeney. It is necessary
to make this frequency sufficiently high (i.e., the time interval 27/p suffieiently short) to ensure
this. This choice of 1000Hz appears to fulfill this requirement. This is also conveniently taken
as the sampling rate for the digitized forms of x and y fed into the computer.

The most important parameter to be measured from a single-frequency interferometer
measurement is the RMS rate of fringe ecrossing. This is equivalent in a eoherent laser com-

munication problem to the RMS frequency spread introduced by the atmosphere (and by any
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frequency instability in the laser) in an equivalent onc-way path. The frequency spreading can
result either from amplitude- or phase-modulation of the signal, or, more generally, a com-
bination of both.

Figure 19(a) is a computer plot of the spectrum of the received fringes for a run of 19 Decc-
ember 1967. Figure 19(b) shows the spectrum of the phase fluctuations only, i.e., the samc
data hard limited. Figure 19(c) is a plot of the spectrum of the amplitude fluctuations, i.e., thc
original signal envelope detected. In interpreting thesc plots, it is necessary to corrcct for an
equipment roll-off of 6 db/octave due to low-pass filtering above 50 Hz and a system noise lcvel at
~20db from the peak. The observed RMS spectral spread of thc total signal is about 200 iz, of
the phase fluctuations about 200 Hz, and of the amplitude fluctuations 100Hz.

These observed spectral widths arc consistent with the system requircments for interfero-
metric strain measurements to a part in 109. However, they appear somewhat greater (by a
factor of three) than predicted, basecd on the theoretical results of Refs. 24 and 25. It is very
likely that short-term laser instabilities are contributing at least a part of this spread. Thcre
are methods for checking directly such short-term laser instabilities, and the stabilities could
be improved drastically if necessary by a quieter environment than that available in the Lincoln
Building C environment.

The design and procurement of elements for adding the 6351-A wavelength are now under way.

E. Gehrels
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