tion, which may affect climate on a
global basis.

Gases and particulates may undergo
a variety of reactions to produce sec-
ondary pollutants that in some cases are
more toxic than the parent pollutants.
This is particularly true in the case of
photochemical smog. Pollutant concen-
trations are directly related to the den-
sity of industry and the use of fossil
fuels for power and space heating.
Cities that have poor ventilation or
frequent temperature inversions are
plagued with air pollution episodes.

States have the primary responsibility
for atmospheric surveillance. Surveil-
lance systems are usually established
on a city or regional basis. The federal
monitoring system is to provide a base
of uniform data for verification of data
from the various agencies and to quan-
tify pollutants that are difficult or ex-
pensive to measure. )

Presently, the operation of most of
the devices and analyzers used for
measuring air pollutants is based on
wet chemical methods. New techniques
are needed in which solid-state or ad-
vanced sensing techniques that are
based upon the physical or physico-

chemical properties of pollutants are
used. A number of new instruments are
presently being developed by NAPCA.
In addition, NAPCA has automated
and computer-interfaced some of its
more sophisticated laboratory and field
instrumentation.

Data presented indicate that concen-
trations of small particulates in the
rural or nonurban parts of the country
are increasing. Gaseous pollutant con-
centrations in center-city sites show no
particular trend, an indication that
downtown areas probably are, and have
been for some time, source-saturated.
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Earth Strain Measurements
with a Laser Interferometer

An 800-meter Michelson interferometer monitors the
earth’s strain field on the surface of the ground.

Jon Berger and R. H. Lovberg

Geophysicists are interested in the
earth’s strain field over a very broad
band, from frequencies of less than 1
cycle per year to those in excess of
hundreds of hertz. Many different geo-
physical phenomena contribute to this
spectrum, but certain strain sources are
dominant in particular frequency bands.

At the very lowest frequencies, the
cosmologies of Dirac (/) and Brans
and Dicke (2) predict a strain rate of
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constant, which causes an expansion of
the earth. From independent geologi-
cal evidence, other investigators have
arrived at the same value (3). How-
ever, observations of long-term  strain
rates are very sparse, and, compared
with the cosmological or geological
time scales, the periods over which
they have been made are short. Strain
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rates of 10—% per year in Japan (4),
10—6 per year in California (5), and
10—7 per year in New Jersey (6) have
been reported. The differences in these
rates presumably reflect the varying
state of tectonic activity in the respec-
tive areas. Seasonal effects such as snow
loading, groundwater variations, and
thermal expansion are also present in
the lower part of the spectrum, but
with amplitudes that vary widely with
site.

From periods of a week to a few
hours, the earth tides dominate the
spectrum. These tides are caused by the
time-varying perturbations in the earth’s
gravitational field due to motions of the
moon and the sun. The spectrum of
earth tides is a line spectrum; the domi-
nant lines are the semidiurnal, with a
strain amplitude of 10—5, and the diur-
nal, with an amplitude of 5 X 10—9,
The literature is replete with observa-
tions of earth tides (7), since the well-
determined nature of the driving source
provides a large and ever-present cali-

Both authors are associated with the Institute
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of California, San Diego, La Jolla, California
92037. Dr. Berger is a research geophysicist and
Dr. Lovberg is a professor of physics.
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brated input signal with which to study
the earth’s response.

Immediately above tidal frequencies,
the largest signals are due to the load-
ing of the earth’s surface by atmospher-
ic pressure and possibly by the effects
of thermal variation on the crust. Be-
cause of the scale size of these phe-
nomena, of the order of 10 kilometers,
the effects on the strain are quite pro-
nounced.

At frequencies above 1.11 cycles per
hour, the lowest resonant frequency of
the earth, propagating elastic waves
produce strains that dominate the spec-
trum. The largest signals are produced
by earthquakes, but there is always a
background level of microseismic activ-
ity caused by ocean waves and wind.
Typically, the microseismic amplitude
is of the order of 10—10, whereas peak
dynamic strains from distant earth-
quakes are often of the order of 10—7.

insuloted box
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l<-temperoture controlled building

evocuoted pipe | I

pipe length servo

Techniques of Strain Measurement

When one speaks of earth strain mea-
surements, one is usually referring to
measurements of linear extension.
Changes in the distance ! between two
fiducial points are compared with the
length I/, of a standard, and the linear
extension or strain is calculated as

AU —1)/TT=¢e

If it is assumed that the length of the
standard I, does not change,

Al/l) =€

There are two general classes of tech-
niques for the measurement of earth
strain: techniques that actually measure
the length / and techniques that only
measure relative changes in I The
former include standard surveying tech-
niques, as well as the use of more
sophisticated electromagnetic ranging

remote retroreflector
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Fig. 1 (above). Mechanical design.

shown schematically in Fig. 4.

Fig. 3 (above). Evacuated pipe and support systems.

Fig. 2 (right). Inter-
ferometer encased in insulated box. The laser pictured here is
the Spectra Physics model 119. Alternately used is a laser

devices. Excellent results have been ob-
tained with these methods in measuring
strain rates along the highly active sec-
tions of the San Andreas fault system
(8). However, measurements of this
kind are usually neither continuous nor
of sufficient sensitivity and stability for
many geophysical applications.

The standard instrumental form for
the second method of earth strain
measurement consists, in essence, of
two piers fixed in the ground, with a
bar rigidly attached to one pier, ex-
tending to within a small distance of
the other (9). The length standard [, is
made nearly equal to I, so that A(l — [)
may be conveniently measured with a
variety of electromechanical and opti-
cal transducers.

In order to measure earth strain that
is representative of the surrounding re-
gion, the instrument must be long
enough to average out the small-scale

000000
000000
00 0000

Fig. 4 (right). Schematic of the optical layout of the interferometer. (A4) Laser resonator structure, (B) isolator, (C) fine steer-
ing mirror, (D) beam expanding telescope, (E) coarse steering stage, (F) coarse vertical micrometer, (G) coarse horizontal mi-
crometer, (H) right angle drive for fine steering, (I) main beam splitter, (J) auxiliary beam splitter, (K) local retroreflector, (L)
photomultiplier housing, (M) pipe servo sensor, (N) steering prism and recollimating lens, (O) steering mirror, (P) reference cav-
ity stage, (Q) reference cavity oven, (R) reference cavity, (S) plasma tube, (T) piezoelectric translator.
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Fig. 5 (left). Phase-shifting optics. (4) Main beam splitter, (B) auxiliary beam splitter, (C) phase shifter, (D) retroreflector col-

limating lens, (E) retroreflector mirror, (F) quadrant dividing mirrors, (G) photomultipliers.
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Fig. 6 (right). Schematic of

the Fabry-Perot reference cavity and oven. The transmitted light is focused by a lens onto a photosensitive field-effect transistor
(fet). A thermistor epoxied directly onto the quartz tube monitors the cavity temperature.

inhomogeneities of the rocks on which
it rests. Typically, strain meters have
a length of the order of 102 meters.
Problems then arise with the mechani-
cal and thermal stability of the length
standard. Quartz (fused silica), which
has excellent mechanical properties, has
a coefficient of thermal expansion of
5 X 10—7 per degree centigrade. No
available material is much better.
Hence, to obtain a stability of 10—19,
the temperature along the length of the
strain meter must be known or be con-
stant to 2 X 10— °C. By placing the in-
struments deep underground in mine
shafts or tunnels, reasonably good tem-
perature stability is obtained. However,
as measurements extend to lower fre-
quencies, the thermal stability becomes
less reliable; hence, the record becomes
more noisy. Further, mine shafts and
tunnels are not the most desirable sites
at which to monitor earth strain. Usual-
ly their construction has caused a great
deal of fracturing of the rock, and in
many mines the geology is by nature
inhomogeneous.

Laser Strain Meter

With the development of the laser, it
has become possible to extend the tech-
niques of conventional optical inter-
ferometry to much greater distances.
Interferometers with arm lengths of 1
kilometer have been successfully oper-
ated (Z0). A standard Michelson inter-
ferometer, with the source and beam
splitter on one pier and a reflector on
the other, produces a fringe pattern
whose motion is indicative of the
changes in the distance between the
piers, measured in terms of the laser
wavelength A.

The wavelength of a simple laser is
not usually a good enough length stan-
dard, however. It is determined by a
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transition line in the lasing gas only to
about 1 part in 108 for the helium-
neon laser, with the exact output wave-
length determined by the physical di-
mensions of the laser optical resonator,
the composition of the gas mixture in
the plasma tube, and -the current
density through it. Hence, for the pres-
ent application, it is necessary to stabi-
lize the laser wavelength by reference
to some better external length standard.
In effect, then, the laser interferometer
is used as an optical comparator, mea-
suring changes in I with reference to
some integral multiple of the optical
wavelength standard.

There are, in general, two distinct
methods by which laser wavelength may
be stabilized: by one method the fre-
quency is locked to atomic lines that
are particularly sharp or have sharp
features; the other method utilizes pas-
sive optical resonant cavities. In either
case, however, the length standard for
the laser strain meter (LSM) can be
physically quite small and kept in a
well-controlled environment. Hence, it
is no longer necessary to use a length
standard that is as long as the distance
to be measured.

Because of atmospheric refractive
index fluctuations, the long optical arm
must be evacuated for our purpose.
Once the evacuation is accomplished,
there are no stringent requirements on
thermal stability along the path. It is
then feasible to make strain measure-
ments with such an instrument above
the surface of the ground. This has the
great advantage of obviating the need
for a tunnel or mine shaft as an instru-
ment site. Further, in the sense that it
may be set up wherever the terrain is
fairly level, such an instrument is
portable.

Laser interferometers for strain mea-
surements have been built in a Variety
of optical configurations and lengths

(10-13). The particular instrument de-
scribed herein is a second generation
LSM developed from the original sur-
face installation described in a previous
paper (11).

The instrument is presently installed
at the University of California’s Elliott
Field Station, which lies in the north-
west corner of Camp Elliott Naval
Reservation within the city limits of
San Diego, California. The site, being
primarily an instrumental proving
ground, was chosen for its proximity
to the La Jolla campus and not for its
particular geophysical interest. It is lo-
cated at the eastern edge of a broad
mesa some 15 kilometers from the Pa-
cific coast. To the east the terrain rises
to the Laguna Mountains, which sep-
arate the coastal plain from the Anza-
Borrego Desert. The highly active San
Jacinto fault zone is 50 kilometers east
of the site. Immediately to the west is
a heavily traveled freeway, and beyond
that, some 2 kilometers from the ob-
servatory, are the runways of Miramar
Naval Air Station.

Mechanical Design

The end piers (Fig. 1), which are the
fiducial points of the instrument, are
3-meter-long columns of black granite
with a cross section of approximately
1 square meter. Along the lower 1
meter, they are cemented into slightly
oversized holes drilled in the rock. The
upper part of the columns are free-
standing to decouple them from the
surrounding layers of the ground. The
interferometer chassis and remote retro-
reflector are mounted directly on the
tops of the columns (Fig. 2).

Buildings, heavily insulated thermally
and acoustically, enclose both ends,
with the interferometer pier further en-
closed by a heated box. Temperature
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control at each end is provided by heat
pumps, which maintain the room tem-
perature at =3°C, and by a tempera-
ture servo control on the box, which
keeps that pier temperature constant
to =0.1°C.

The optical path between the ends is
provided by an evacuated stainless steel
tube measuring 15 centimeters (outside
diameter) by 1.6 millimeters (wall), heli-
arc-welded at 7.3-meter intervals along
its 800-meter length (Fig. 3). The tube
is supported on rollers by “A” frames,
which allow it to expand and contract
freely. It is tied to the ground only at
its midpoint. At both ends, servo-con-
trolled expansion joints maintain the
distance from pier to tube end to better
than 5 X 10—3 centimeter. The tube is
evacuated by three large-capacity me-
chanical pumps to a pressure of 10—3
torr.

Optical Design

The light source for the interferome-
ter is a single frequency, unimode, He-
Ne laser radiating at a wavelength A =
6.328 X 105 centimeter. For long base-
line interferometry, it is essential to
have a monochromatic source; for con-
venience, an output in the visible spec-
trum was chosen, although infrared
lasers have been used (I2). The laser,
a Spectra Physics model 119, has a
power output of 100 microwatts. The
exact output frequency is tunable by
the application of a voltage to a piezo-
electric translator on which one of the
laser cavity mirrors is mounted. This
laser is constructed to be highly stable
both thermally and mechanically (Z4).

The optical layout of the interferom-
eter is schematically illustrated in Fig.
4. The light from the laser A4 passes
through the isolator B which serves to
decouple the rest of the optical circuit,
acting as a “light diode” to prevent
light from being reflected back into the
laser (I5). Coarse steering is accom-
plished by micrometers G and F which
rotate the stage E about horizontal and
vertical axes. The mirror C, gimbal-
mounted and driven by micrometers
through a compound lever arrange-
ment, provides fine steering adjustment.
These micrometers may be controlled
from outside the enclosing box by flex-
ible shafts and a right-angle drive unit
H. The telescope D expands the beam
from 2 millimeters to 2.5 centimeters
and incorporates a spatial filter to re-
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Fig. 7. Stabilizer electronics. The power
for the heater windings is provided by an
operational amplifier power supply (Kep-
co model OPS 40-0.5). The integrator and
crystal driver are a high-voltage opera-
tional amplifier (= 150 volts), which con-
trols the frequency response of the servo
loop. The overall loop gain is 150 deci-
bels, falling off at 6 decibels per octave
from a corner frequency of 5 X 107® hertz
to a unit gain frequency of 130 hertz.

duce the effects of diffraction spread-
ing from dust particles or other irregu-
larities on elements up to this point in
the optical circuit. The light is divided
by beam splitter I, with half going
down the tube to the remote retrore-
flector and the other half being directed
through the auxiliary beam splitter J
into the local retroreflector K. The
auxiliary beam splitter compensates for
the distortion of beam polarization by
the main beam splitter in such a manner
that the isolator can be effective for
both arms simultaneously (77).

The retroreflectors are of the “cat’s-
eye” type, in which incident rays pass
through a converging lens and are re-
flected from a flat mirror at its focal
point. The return rays thus emerge
from the lens exactly antiparallel to the
entering direction. The use of such
retroreflectors in both arms of the in-
terferometer would guarantee, given
perfect optics, that (i) the output beam,
if successfully steered through the vac-
uum pipe to the far reflector, will auto-
matically return to the sending point
irrespective of substantial pointing errors
in the reflector; and (ii) the mixing of
the return and reference beams will pro-
duce an interference of uniform phase
over the whole beam—that is, one will
work with the “central fringe.”

It has been gratifying that the quality
of available optical components has al-
lowed these idealizations actually to be
realized. The mirrors in both reflectors
are mounted on micrometer screws to
allow fine adjustment of focus.

The beam is emitted at a 2.5-centi-
meter diameter (the radial distribution
being a truncated gaussian curve), but it
is necessary to provide a larger aperture

for the long-arm reflector, since the
beam size is somewhat increased by
diffraction. With the expanding tele-
scope focused at 800 meters rather than
at infinity, one receives at the retrore-
flector a nearly ideal “bull’s-eye” Fraun-
hofer diffraction pattern, with the first
minimum having a diameter of about 5
centimeters. This central 5-centimeter
circle is what is actually accepted and
returned by the reflector. The truncation
here performs a useful spatial filtering
of the beam, since the radial intensity
distribution of the central spot is itself
a good enough approximation to a
gaussian curve to allow efficient re-
focusing to the chassis of the main
interferometer, while spurious diffrac-
tion features caused by window striae,
dirt, or even the initial beam truncation,
are eliminated.

To compensate for pressure and
temperature variations of the residual
air path at the instrument end, the
distance from the beam splitter to the
mirror of the local retroreflector is
made equal to that between the beam
splitter and the vacuum tube window.
Hence, both paths see equal and com-
pensating variations in air density. The

. remote retroreflector is placed as close

as possible to the tube end and is sealed
so that the air inside remains at con-
stant density.

Light from the local retroreflector is
mixed with light returning from the
remote retroreflector and is passed
through a narrow-band interference
filter into the detector unit L. In order
to determine the direction of fringe mo-
tion (that is, the relative direction of
motion of the two piers), the arrrange-
ment pictured schematically in Fig. 5
is employed. At the entrance to the
local retroreflector an element is placed
which introduces a phase shift of A/8
into each of two opposing quadrants.
A ray entering the “cat’s-eye” through
one of these quadrants always emerges
in the opposing quadrant. The net re-
sult is that the light from two opposing
quadrants is phase-shifted by A/4 or
90° with respect to the other two.
After recombination with the remote
beam, the light enters the photomulti-
plier housing where, by a system of mir-
rors, two quadrants are directed into
one phototube and two into the other.
The phase lead or lag of one photo-
multiplier signal relative to the other
indicates the direction of motion of the
piers.

Light from the back end of the laser
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Fig. 8. Raw data sampled at 1 per second. This is the
wide-band output containing all frequencies from 0 hertz up to
the Nyquist frequency of 0.5 hertz. The steplike nature is a
result of the discrete fringe counting, with each step being a
strain change of 4 X 107, These data were used to produce
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Fig. 9. Data from 10 days of earth tides used in the ocean
loading analysis. The solid line is the observed data, recorded
at 1 sample per second, low-passed and decimated to 1 sample
per 16 seconds. The broken curve is the theoretical strain tide

the spectra of Figs. 12 and 13.

is bent 90° by a steerable prism and
recollimated by a lens system mounted
in unit N. The light is then reflected
from the gimbal-mounted mirror O into
the reference cavity R. These two
steerable stages allow the entry point
and incident angle to be varied inde-
pendently, so that mode-matching with
the cavity can be achieved.

Laser Stabilizer

Stabilized single-frequency lasers are
available from several commercial sup-
pliers. Until quite recently, all of these
employed the “Lamb dip” scheme of
stabilization, in which the laser fre-
quency is locked to the bottom of a
slight dip at the center of the optical
neon transition line. To generate a
signal containing the sign of the fre-
quency error, it is usual to frequency-
modulate the laser and to combine the
output of an intensity monitor with the
modulating signal in a phase detector
whose direct-current output corrects the
laser frequency. Both the alternating-
current modulation and the correction
signal are applied to the piezoelectric
mount of one of the laser cavity mir-
rors.

The use of laser frequency modula-
tion causes considerable difficulty in
the present application, however. Since
the transit time of the light in the long
arm is about 5 microseconds, the two

calculated for a yielding earth.

components that are mixed at the de-
tector can be substantially different in
frequency. Thus the fringe counting
circuitry is forced to operate reliably
at rates near 1 megahertz merely to
keep a correct account of frequency
fluctuations. In order to circumvent
this difficulty, a stabilizing system has
been developed which modulates the
frequency of the reference element
rather than that of the laser, thus
eliminating wavelength “dither,” but
still allowing the use of an alternating-
current, phase-lock servo system.
The reference element is a passive
Fabry-Perot optical resonator, consist-
ing of a pair of mirrors held against the
lapped ends of an annealed quartz tube
of 2.5-centimeter diameter and 30-centi-
meter length (Fig. 6). One mirror is a
flat and the other aspherical section
of 3-meter radius. The etalon has a
finesse of over 100 and operates in
about the millionth order. Thus, a rela-
tive frequency shift of 10—8 sweeps
over an entire resonance of the cavity.
Since the quartz cavity is the fre-
quency standard, it is clear that the
entire strain meter can be characterized
as a “quartz strain meter.” Now, how-
ever, the reference rod can be kept in
a far more stable environment than
would ever be possible in the older type
of instrument. The resonator is kept in
an oven regulated to about 10—¢ °C,
and, hence, frequency fluctuations attrib-
utable to temperature changes are not

greater than 10—19, Quartz has another
attribute even more important than low
thermal expansion, however: so far as
we have been able to determine, it is
the only commonly available material
that has not been observed to “creep”—
that is, to exhibit long-term dimen-
sional changes under stress. It is possible
to measure and compensate for slight
temperature changes, but one is quite
helpless against long-term drift in
cavity dimensions. Hence, the creep
stability has been regarded as the pri-
mary figure of merit in resonator ma-
terial selection.

In order to modulate the reference
cavity frequency, the optical path length
between mirrors must be changed. Slow
scanning systems frequently employ a
variation of gas pressure for this pur-
pose. Here, however, it is desirable to
operate the servo loop at frequencies
that are too high for that technique.
One might consider cementing a piezo-
electric stack between one mirror and
the quartz pipe. This possibility must be
rejected, however, since the insertion of
cement layers as well as a stack of
titanate washers into the support system
would certainly vitiate the advantage of
the dimensional stability of the quartz.

The procedure finally adopted is to
resonate the quartz tube at the fre-
quency of its lowest axial compressional
mode, which is 5 kilohertz when the
end-loading of the mirrors is taken into
account. For this purpose, a pair of

Fig. 10. Tidal phasor diagram for the semidiurnal compo-
nent of the 10 days of data shown in Fig. 8. The observed
and theoretical tides have been identically Fourier-analyzed.
The result for the main tidal component (2 cycles per day) is
represented as a phasor plot, with the Fourier amplitude at that
frequency being the vector magnitude and the Fourier phase
angle being the vector phase angle. The theoretical tide com-
ponent is assigned a magniture of 1 and an angle of 0°. The
observed tide component has a magnitude of 1.075 and a phase
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of —12° (that is, the observed 2-cycle-per-day component leads the theoretical component by 12°). The ocean load vector phase
is determined by the phase of the ocean tide and the strain meter orientation. Its magnitude is dependent on the earth model.
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decimated to 1 sample per 16 seconds to produce the broken curve. The solid line was produced by further low-pass-filtering

the data to remove the tides. Extension is denoted positive.
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Fig. 12 (right). Power spectra of the observed strain and the fre-

quency servo-error signal were obtained by analysis of 12.5 hours of simultaneous recording at 1 sample per second. The data were
band-pass-filtered to eliminate all frequencies outside the range 0.45 to 72 cycles per hour. The bandwidth for the spectral esti-

mate is 0.5 cycle per hour.

coils, very similar to loudspeaker voice
coils, are wound around the quartz tube
near its ends, and radial magnetic fields
from a pair of external ring magnets
are passed through both. A power of
less than 1 milliwatt into each coil
causes an expansion and shrinkage of
the resonator length by about 20 ang-
stroms at a S-kilohertz rate, which is
enough to generate a substantial alter-
nating-current component in the trans-
mission of the cavity. (Each resonance
is less than 100 angstroms wide.)

A “lock-in amplifier” (PAR model
120) serves as a scanning frequency
generator, phase detector, and amplifier,
providing a correction signal to the
laser (Fig. 7).

The quartz cavity, together with its
mirrors, optical detector, support frame,
and magnets, is sealed in a dry argon
atmosphere within a heavy aluminum
cannister. This container is heated to
about 15°C above ambient with the
temperature of the can, and the resona-
tor tube itself is monitored by thermis-
tors. A 5-centimeter layer of Styrofoam,
surrounded by foil radiation shielding,
insulates the assembly.

Fringe Counting

The fringe pattern directed onto the
photomultipliers produce signals (I6)

V. =1I,+ I cos 4:l€

and

Vy=1I + L cos [4’;[6 4 ¢]
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When the optics are correctly aligned,
¢ ==/2 and the alternating-current
signal components are

V=1 cos 4;rle
and

Vy = 11 sin 4—";%1'5
Then

V:+ V), =1
and

Vv, 4rle
ne—= ——=—tan
@ V. x

If these two signals are applied to the
x and y inputs of an oscilloscope, the
resulting pattern will be a spot moving
around the circumference of a circle of
radius I, with an angular position 6
which is related to the instantaneous
value of the strain ¢ by:

_2 v
€= Al arc tan V.

Each revolution of the spot corresponds

to the passage of one fringe or a strain

change of

€ =~;\—I: 4 x 107

The data presented later in the article
were obtained with a counting system
that produced 1 count for every full
fringe (/7). The least count strain was
thus 4 X 10—10, The counting system
currently under development produces
a count for every one-fourth fringe of
motion (that is for every 90° rotation
of the spot). Thus, there are 4 counts

per fringe and the least count strain
is 1010, .

In principle, the sensitivity of this
instrument may be greatly increased by
the addition of an analog device,
which locks onto a single fringe and
produces an output proportional to 4.
Several devices have been suggested and
constructed (10, 17). Ultimately, of
course, uncertainties in laser frequency
will vitiate this sensitivity by producing
more noise than signal. At the present
site of our instrument, “cultural” noise,
in particular jet engine noise from the
nearby airfield, limits the useful sensi-
tivity to about 1 part in 1010. A quieter
site might allow an increase in sensitivi-
ty by an order of magnitude or more.
The stability or long-period noise is
controlled by the stability of the refer-
ence length. Laser frequency stabiliza-
tion schemes such as described here
probably provide 1 part in 1010 relative
stability over long periods of time. A
new system of stabilization (72), where
the laser frequency is locked to an
atomic standard, promises stability as
much as two orders of magnitude
greater than we have achieved with
the present technique.

Results

The output from the fringe counter
is recorded on digital magnetic tape at
a standard rate of 1 sample per second
(Fig. 8). During special events such as
announced nuclear bomb tests, the sam-
ple rate may be increased to 146 sam-
ples per second. In addition, there is an
analog output on a strip-chart recorder.
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Fig. 13 (left above). Power spectrum of observed strain show-
ing the microseismic peak. One hour of data was low-pass-
filtered to remove frequencies below 20 cycles per hour. The
spectral estimate has a bandwidth of 10 cycles per hour.

Fig. 14 (right above). First part of strain record from the 1-
megaton nuclear test “Handley,” detonated at the Nevada Test
Site on 26 March 1970. The U.S. Coast and Geodetic Survey
magnitude is Mz = 6.5; M, =5.3.

Fig. 15 (left below). The strain record from an earthquake just
offshore in the Pacific near the Mexico-Guatemala border, 29
April 1970. The epicentral distance is 3200 kilometers, and the
great circle path from the epicenter makes an angle of 81°
with the axis of the strain meter. The magnitude reported by
the U.S. Coast and Geodetic Survey is M, = 7.3. The origin
time is the beginning of the plot, and the lower two traces are
continuations of the record.

The counting electronics have been
constructed to have a bandwidth of 1
megahertz. Hence, the counter will fol-
low motions up to 10¢ fringes per sec-
ond. This corresponds to a rate -of
strain of 10—* per second for the 4-
count-per-fringe system, or a relative
velocity of the piers of 8 centimeters
per second. The instrument response
is flat over the frequency band
0 < f < 106 hertz and introduces neither
amplitude changes nor phase shifts.
Further, it is linear over the entire dy-
namic range which extends from rela-
tive pier motions of one-fourth fringe
or 1.5 X 10—5 centimeter to several
centimeters (the distance from the end
of the evacuated tube to the remote
retroreflector).

It is important to emphasize that,
even though the strain least count is
10—19, phenomena with smaller ampli-
tude may be detected by .averaging the
recorded output. The process of fringe
counting is a form of amplitude quanti-
zation and introduces an uncertainty
similar to digitization in the time do-
main. This uncertainty may be ex-
pressed as a noise power level below
which signals have a signal-to-noise
ratio of less than 1. For a recording
rate of 1 sample per second, this least
count noise is 2.5 X 10—25 (A I/])2 per
cycle per hour (— 58 decibels on the
scale of Figs. 12 and 13).
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One of the problems in the measure-
ment of long-period earth strain is the
verification that the data are not con-
taminated by instrumental noise. In-
dividual calibrations of various parts of
the instrument are, of course, possible,
but what is needed is an overall system
calibration that includes the instrument-
earth interface. Fortunately, nature pro-
vides a convenient calibrating signal in
the form of the earth tides. From a
knowledge of the earth-moon astronomy
and the earth structure (obtained mostly
from seismology), the input signal is
known to a few percent. However, in
the analysis of earth tide data from
stations near an ocean, the effects of
the ocean load on the earth’s crust must
be taken into account. The Elliot Field
Station, being only 15 kilometers from
the edge of the Pacific, will be strongly
subject to such effects. In Fig. 9 a 10-
day record of earth tides is plotted with
the theoretical strain tide on a yielding
earth (15). Slight amplitude and signifi-
cant phase differences are immediately
obvious. The semidiurnal component of
the tide may be represented [following
Farrell (18)] in a phasor diagram (see
Fig. 10).

The tides along the Pacific coast of
North America have been analyzed in
some detail by Munk et al. (19). They
find that, for the semidiurnal compon-
ent, the observations may be mostly

explained by supposing that the tide is
a southward propagating wave, which
is trigonometric along the shore and
dies off exponentially seaward. The
phase of the ocean load vector is then
simply related to the phase of the ocean
tides and the orientation of the strain

- meter. The observed perturbation vec-

tor phase of 281° agrees with the ocean
load phase of 290° to within the accu-
racy of the knowledge of the offshore
ocean tides. The magnitude of the load
vector is dependent upon the earth
model. For a simple, flat, homogeneous
earth, the two vectors have equal mag-
nitude when the mean effective rigidity
is 1.7 X 1012 dynes per square centi-
meter, the rigidity of the earth at a depth
of approximately 800 kilometers. It is
not particularly instructive to refine this
calculation, since the present knowledge
of the offshore ocean tides is rather im-
precise. However, the agreement ob-
tained between the observed earth tides
and the theoretical input lends credence
to the long-period strain observations.
Further, by using the detailed earth
models derived from seismology, the
problem may be inverted and the ob-
served earth tides used to study the deep
ocean tides (20).

Since strain observations were first
obtained with the original LSM in
November 1968, the record has con-
sistently shown ground compression at
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subtidal frequencies. Figure 11 shows
a 42-day run of strain data. The average
linear strain rate over this period was
7.7 X 10—? per day. This rate (aver-
aged over 5-day periods) has varied
from 10—10 to 2 X 10—8 per day but
has never reversed sign.

The magnitude and persistence of the
effect make it difficult to account for
these observations in terms of instru-
mental drift. Moreover, the present in-
strument produces the same results as
did the orginal. There seems to be no
significant seasonal variation of the
strain rate nor any obvious correlation
with local conditions. Hence, we con-
clude that these high strain rates may
be associated with regional tectonic ac-
tivity.

Figure 12 shows power spectra of the
earth strain and of the frequency servo-
error signal over the band in which the
free oscillations of the earth are ob-
served. The frequency servo-error sig-
nal is the signal that is applied to the
piezoelectric translator in the laser
cavity in order to lock the laser fre-
quency to the resonant frequency of the
reference cavity. Its spectrum is ex-
pressed in equivalent strain units; it
represents the earth strain spectrum
that would be inferred if the laser were
unstabilized. The need for a frequency
stabilizer is obvious. The peaks in this
spectrum are caused by the temperature
cycling of the heat exchangers in the
instrument house. In general, the servo-
error signal falls off at 6 decibels per
octave (that is, like 1/f2 in amplitude),
whereas the spectrum of the earth strain
falls off at about half that rate, or 3
decibels per octave (that is, like 1/f in
amplitude).

The spectrum peaks again, owing to
microseismic activity, at about 600
cycles per hour (that is, 6-second pe-
riod) (Fig. 13). Even though the root-
mean-square amplitude of the earth
strain over the microseismic band is
often 10—1 of a least count and cannot
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be seen on the time-domain record, the
peak in the spectrum is quite clear.

Figure 14 shows the wide-band out-
put during the 1-megaton nuclear test
“Handley,” exploded at the Nevada Test
Site on 26 March 1970. Digital record-
ings at a rate of 8 samples per second
taken during announced nuclear tests
yield distortionless strain spectra from
0 to 4 hertz. Such recordings allow
resolution of the rise time of the first
arrival and a highly sensitive indica-
tion of any zero frequency strain off-
sets that may occur.

Earthquakes (Fig. 15) are recorded at
the standard sample rate of 1 sample
per second.

Summary

The development of the laser as a
source of coherent optical radiation has
permitted the application of interfero-
metric techniques to the problem of
earth strain measurement. By use of this
technology, an 800-meter laser strain
meter has been developed which oper-
ates above the surface of the ground.
The instrument has a strain least count
of 10—19, requires no calibration, and
has a flat and linear response from zero
frequency to 1 megahertz. The linearity
and large dynamic range of the laser
strain meter offer unprecedented ver-
satility in the recording of seismic
strains associated with earthquakes and
nuclear blasts. The extremely wide
bandwidth opens new areas of the
strain spectrum to investigation.

A key to the understanding of the
state of stress of the earth and the
association phenomona of tectonic ac-
tivity and earthquakes is a knowledge
of the spatial distribution of the earth
strain. Measurements of secular strain
and earth tides indicate that, even at
these long periods, surface strain
measurements are valid representations
of earth strain at depth. The LSM thus

provides a means of making crustal
strain measurements at points selected
for maximum geophysical interest and
ultimately allows the mapping of strain
field distributions.
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