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ABSTRACT
A unique 30-meter laser strainmeter is degcribed. The sytem uses

a Fabry-Perot geometry'and dynamically adjusts the freque;cy of the
illuminating laéer to follow a single fringe. The reference length for
the system is provided by a second laser whose wavelength is stabilized
using a vibration-rotation absorption line ié methane. The systéﬁ shows
exceilent sensitivity, wide bandwidth and essentially no drift. The in-
strument is being used to study several.problems of geophysical and
astrophysicél interest including the earth tides and the freé oscillations

of the earth and in a search for gravitational waves.
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INTRODUCTION

In this paper we describe the construction of a novel and very sen-
sitive 30-meter laser strainmeter. The system is unique in that it effec-
tively uses a molecular transition as the length standard. It is there-
fore free from many of the drift problems that plague conventional quartz-
rod strainmeters, while at the same time offering a number of distinct ad-
vantages such as wide bandwidth, absolute calibration and digital output.

We expect that the geophysical significance of this new type of instru-
mentation will generally be apparent to the reader., However, as interfero-
metric devices are only recently coming into.w;de use in geophysical instru-
mentation, we present a.rathey complete description of the electro-optical
system and the criteria used in its design. Discussions of the optical
frequency length standard is presented after a description of the basic
interferometer.

We are currently using the interferometer in several different experi-
ments of geophysical‘interest.

The first is a long term measurement of the earth tides. Conventional
quartz-rod strainmeters produce tidal records which are often contaminated
by diurnal thermal cycling and/or instrumental drift. Our instrument should
produce good quality tidal records which will make possible a meaningful
comparison between the theory of strain tides and the observations. As a
bonus these obéervations will yield information about secular strain rates
and strain steps following seismic events.

The second experiment of geophysical interest is a measurement of the
power spectrum of the earth's vibratioms. ‘We are especially interested in
this power spectrum immediately following nuclear explosions and earthquakes.
An analysis of the high frequency components (2 1 Hz) may brove to be useful

as a discriminant, while the low frequency components (~ 1 cycle per hour)
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tude 7.5-8)‘earthquake.
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give information on the earth's normal modes. Signal estimates suggest that

these normal mode excitations might be detectable following a large (magni-
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- DESCRIPTION OF THE APPARATUS

Long-Path Interferometer. The instrument is located in the Poorman's

Relief Mine, an unworked gold mine approximately 5 miles west of Boulder,

Colorado. The mine's approximate coordinates are 40° 1' N and 105° 20' W.

- The geology of the mine and its surroundings has been investigated by

Humphrey [1955]. Figure 1, taken from Humphrey's work, shows a map of the
mine's 200-foot level and the location of the interferometer. The inter-
ferometer 1s ofiénted along an axis approximately 7° west of true north.

~ The interferometer consists of two mirrors of 50-meter radius of
curvature and 5 cm diameter. The mirrors a;e separated by 30 meters and

are mounted on - plers embedded in bedrock. The mirrors and the

f optical path between them are enclosed in a vacuum-tight tube which is

evacuated to a_pfessuié of approxiﬁgtéiy-lduﬁiiiitorr uéing'a conventional

. mechanical pump. Figure 2 shows the vacuum envelope schematically. Note

that the system has been constructed so that no torque or unbalanced
force due to atmospheric pressure is exerted on either pier.
The two mirrors are used as a Fabry-Perot interferometer.:.

The intensity of the light transmitted through this tyﬁe of 1nterferometei

- {s given by
Io :
1= 1)
v 1+ AR 3 sinz(——z';"d)
(1-R)

where R 1is the power reflectivity of the mirrors, d 1s the separation
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of the mirrors, and A is the wavelength. (See, for ekample, Born and

R R

— e ———— -

Wolf [1970].) The transmission of the Fabry-Perot therefore rises to

its maximum valye:whenever

2%9 = nT , n = any integer.
Thus the transmission is a maximum for all wavelengths An for which
-2
n n
or
f--c—.P‘_E (2)
n A - 2d :
n

The transmission maxima are therefore equally spaced in frequency. The

spacing between any two maxima, Af, is given by

Af = fn+1 - fn = c/2d .

For our case d = 30 meters, so Af = 5MHz. The full-width at half-

paximum of the transmission fringes is easily calculated by setting the

denominator of equation 1 equal to 2. We obtain

-1 [1-R
FWHM = 2f =X gin —_—
1/2 wd (Z/E)

for the frequency width of the fringes, The finesse of the-<system is

defined to be the ratio dfffringe spacing to fringe full-width at half-

maximum

' Af ﬂ ~1
F = = — [/ sin (l—R)/2/I-{))
2f1/2 2 (

For the high reflectivity mirrors typically employed in such inter-

ferometry, the arcsine function may be expanded to yield
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. Our first interferometer plates were coated to provide a transmission of
approximately 3% which would correspond to a theoretical finesse of 104.
The measured finesse was 44. The full-width at half-maximum of the trans-
mission bandwidth was therefore only 115 kHz, equivalent to an earth
'sgrain of 1.3 parts in 109. |

The measured finesse of 44 compared with the theoretical finesse of
104 is indicative of an additional 4% power loss per transit, due primarily
to absorption and scatter in the muitilayer dielectric coating. Recently
-we have obtafned mirror coatings that employ germanium as one of the
dielectric layers. While the opacity of this material in the visible region
requires a little more experimental skill during the interferometer alignment,
its high index of refraction allows coating designs with vastly improved
performance at our infrared oﬁerating wavelength. We presently have a
working finesse of 80, along with 40% transmission coefficient at the inter-
ferometric resonance. This corresponds to a reflectivity of 96%,
transmission of 1.5%, and an absorption of 1.4Z for each mirror. The
resultfhg 62.5 kc fringe width is equivalent to an earth strain of 7
parts in 1010.

Figure 3 shows the transmission fringes obtained for the long-path
interferometer, using the original mirrors. Suitable matching optics
produce near-perfect singie-mode illumination of the long interferometer.
This single mode operation is essential if the full sensitivity of the
instrument is to be realized and we must therefore discuss it in some
detail.

The 30-meter interferometer and the laser which illuminates it, are
both examples of curved-reflector Fabry-Perot interferometers. In addition
they are termed non-confocal because the mirrors are not separated by

their common radius of curvature. The theory of the mode structure of

these interferometers has been developed by Fox and Li [1961], and by
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Boyd and his co-workers [Boyd and Gordon, 1961; Boyd and Kogelnick, 1962;
Boyd, 1964].

Boyd and Gordon [1961] derive an expression for the modes of a non-

confocal-spherical-reflector Fabry-Perot. They obtain the resonance con-
dition

Tﬂ— = 2q + (14+min) (l - -ﬁ— tan—l %3-%)
q’m’n

o e e e e ———— e e b e e S e o L. . c—— N B - b e

where b is the common radius of curvature of the mirrors and d is

their separation. The integer q 1s the number .of axial nodes between

pendicular transverse axes, and Aq n.no is the wavelength at resonance.
e N . At

kS

L. the mirrors, m and n denote the number of nodes along two mutually per-
i
]

In our 30-meter Fabry-Perot, "b = 50 meters, d = 30 meters and so

; ) Iid——— = 2q + (l+wm)(.689) .

q,m,n

The frequencies of these modes will be

1

q,m,n

- C o

£ nn - -5 [q + (1+m+n)(.344)] (3)

which is a more exact version of equation 2. As a little algebra will

show, the "fundamental' modes, fq 0'0 are separated in frequency space
. t At ]

by <¢/2d or 5 MHz. Between these fundamental modes are the so-called

off-axis modes. In this calculation m and n are degenerate. Thus fq 0.1
L et 2

and fq 1.0 are degenerate in frequency and lie about one-third of the
E Bt ]
way between two fundamental modes. Likewise fq 1.1 lies about two-thirds
t At ]
of the way between two fundamental modes. Furthermore fq 2.1 is roughly
9’ 9
degenerate with f . This mode structure, which is obtained when
q+1,0,0 .
the interferometer is illuminated by a non-mode matched source, is clearly

visible in Figure 4 which shows the transmission through the 30-meter
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interferometer as a function of the incident frequency. We can now
appreciate the need for good mode matching. The near-degeneracy of fq+1>0V0
v

with f implies that the transmission line shapes of the fundamental

q,2,1
modes could be distorted by the presence of the off-axis modes. This dis-

tortion would make it more difficult to pick tﬁe center of the transmission
profile. Thus, any application of interferometry that requirgs prgcisiqgﬁ'
definition of line center (such as the presehf work) will require corres-
ponding care in the selection of cavity configuration and of mode-matching

conditions. Before discussing the question of cavity design let us

brief}y turn ;qupe_topic qfiyode.mgtching._

"“‘The>eigenmodes of the cavity; with eigenfrequencies fq m‘;,.havé
9.5y

transverse field distributions T The transverse field distributioms

q,m,n’
corresponding to the fundamental modes, Tq,O,O’ are Gaussian while the

' hiéher order médes have more complicated transverse field distributions.
If.radiééion with some arbitrary transverse field distribution is incident
on the cavity, the response of the cavity can be calculated by expanding
the incident field in terms of the eigenfunctions of the cavity, Tq,m,n’

The object of mode matching is to reduce this sum to a single term, Tq 0.0’
 Bad

corresponding to the fundamental lowest order mode with a Gaussian trans-

verse distribution. Due to small departures of the plate figure from
perfect sphericity, the experimental "mode" may contain a small admixture
of other modes of the ideal resonator. However, it is important to note
that the resulting admixture does-not-degrade the sharpness of the -
operational resonance response, provided the-admixed modes. do not them--
selves. have high losses.

The procedure for mode matching ﬁay now be formulated explicitly.
The lowest order cavity eigenfunctions can be characterized in terms of
two parameters: the radius of cu&vature of the wavefront and the spot

diameter. If these two quantities are known at any point in space they
| 335
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may be calcﬁlated at any other point inside or outside of the inter-
ferometer. The laser used to illuminate thg 30—mgter cavity is

also a Fabry-Perot interferometer and its output field distribution can
therefore also be characterized iﬁ terms of a spot diameter and the
radius of curvature of the wavefront. The disténce between the two
cavities is constrained by mechanical limitations. Given the separation

between laser and interferometer, the object is to insert optical elements

”‘which take the laser spot diameter and radius of curvature and transform

them into the cavity spot diameter and radius of curvature, where the mode .
sizes and radii are both expressed at the same (arbitrary) point. It is
hintuitively obvious that since two parameters are to be matched, two

optical elements (either lenses or mirrors) are, in genefal, necessary. The
solutions are further constrained by the finite number of different com—
ponents available. 'The solutions can be most easily found by a "cut-and-
try" procedure using, for example, a programmable desk calculator or a
time-sharing computer terminal.

We use a two-mirror solution that requires an optical path that is
longer than the maximum laser-in;erferometer separation mechanically
allowed and must therefore be "z" shaped.

The design of sinéle-mode cavities for interferometric phrposes has
been carefully studied by one of us [Ball, 1971]: While the design of the
present interferometer was hampered by the limited selection of commercially
available mirrors with long radii of curvature, it embodies the most signi-
ficant design criterion: the first off-axis mode which approaches frequency
degeneracy with the dominant modes should be odd symmetric and should have
the sum of the off-axis quantum numbers equal to 3 or more. The first cri-
terion comes from the dramatic reduction of the admixture of modes whose

transverse quantum numbers sum to an odd integer, since the odd reflection

symmetry possessed by these modes is not effectively excited by the symmetric
e . o . . 336 . )
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source function. Thus one may use the first off-a#is'mode (the "dumbﬁellh’mﬂu T
modes, min = 1) to very sensitively adjust the laser source to be optically

coaxial with the interferometer. The adﬁixture of the "donut" mode (mrin -:2),

on the other hand, is very sensitive to the ratio of spot sizes. The abil- |
ity to independently monitor the spot size ratio and the matching of the
radii qucurvature contribu;es to rapid convergence to the proper gdjustggptﬁ

e @ ce g e - - —— -

The low admixture eihibited inAFigure 3, less than 1/2% of 6ther modes, is

e ————— e

preserved for several weeks at a time. e
The 30-meter path is illuminated with a helium-neon laser oscillating

at 3.39 microns. The laser is RF excited and is approximately 30 cm .
long. The mirror parameters (60 cm radius vs plane) and the bore diémeter
(2.3 mm) are carefully chosen to insure that the lasef oscillates at a
single frequency and in ‘a single spatial mode;l One of the mirrors of the
laser cavity 1s mounted on a piezoelectric ceramic. By applying a voltage
to this ceramic the laser may be tuned over * 225 MHz. A small ac dither
voltage together with a va;iable dc voltage are impressed on the piezo-

- electric crystal. The light transmitted by the long-path interferometer is
photoelect;ically detected. The resultant signal is amplified and then
synchronously deteéted using the dither frequency as a reference. The out-
put of the synchronous detector, which is proportion&l to the slope of the
Fabry-Perot transmission function, is integrated, filtered, and is then
applied to the piezoelectric crystal driver. Thié servo loop (a "fi;;;;l
derivative" lock) locks the laser to one of the transmission maxima of the
long ﬁath. When the lock is established the laser's frequency must satisfy

. equation 2, that is,

nc
flaser 72d for some intgger n .

If the long path changes its length by an amount Ad, the servo will

force the laser to change its frequency by an amount

- a e 337 . -




Aflaser = 2 ad

so as to keep equation 2 valid. Thus for small changes in length,

Af1aser - _ Ad ) -

»
‘ A A.flaser d

so that a measurement of Af/f yields Ad/d directly.: The laser oscil-

14

lates at 3.39 microns, so f ser % 1 x 107" Hz and a strain change of 1

la
part in 108 will shift the laser frequency by 1 MHz. Furthermore since
only changes in laser frequency are‘significant,‘the same result would be
obtained using equation 3 instead of equatioﬁ 2 for the eigenfrequencies.

Analysis of the theory of servo mechanisms shows that one cannot build
the servo loop described above to ﬁave arbitrarily wide frequency response.
In other words, a finite time is required to make a frequency correction.
It is useful to characterize the servo system in terms of its response to
a unit step. The éxperimental response to such an input is shown in
Figure 5.J it can be seen that the system requires.about 1} milliseconds
to make a correction, corresponding to a bandwidth of well over 100 Hz.

A servo-loop slope of 9 db/octave (= 30 db/decade) is employed. The dc
loop gain of 120 db yields completely negligible static errors.

To guarantee the proper operation of the servo system, the laser's
frequency must vary monotonically with the voltage applied to the
pilezoelectric ceramic. This may not be true if any light is reflected
back into the laser from the Fabry-Perot. Even a small amount of reflected
power can pull the laser frequency by a surprisingly large amount. Ele-
mentary calculations'suggest that a reflected power of only 1 part in 105
of the incident power will pull the laser frequency by about 1 part in

8
107. (For details, see Boyne, et al. [1970]).) This effect, which is

well known in the behavior of coupled, tuned, electronic circuits, has

apparently been overlooked by several workers in the laser strainmeter
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,field. The fringe distortion and frequency "hang up" that result from
using inadequate reverse decoupling~can be easily demonstrated.

In FigureA6a the upper trace shows the transmissioﬁ intensity of fhé'
long-path interferometer. The lower trace shows the oscillation frequency
of the laser. The x axis of the oscilloscope is driven from the voltage
applied to the piezoelectric ceramic on the laser. Note that the fringes
are symmetric and that the laser's frequency varies smoothly as we sweep

through a fringe.

In Figuré 6b we have reduc;a the decoupling bétween laser and inter-
ferometer so that the return light from the interferometer is only attenuated
by about 10 db. Note that the fringes have now become strongly asymmetric
and that the transmission intensity has a tendency to 'snap' as the center
of the fringe is reached. Furthermore note that at the center of the
fringe the laser's oscillation frequency "hangs up" even though the

piezoelectric crystal continues to move the mirror. Needless to say,

»

both of these effects play havoc with the servo systems.
However, the "hang up" and the "snap" are not the saddest parts of
the story. When the decoupling is inadequate the laser's oscillation
frequency is determined by the sum of the cavity field at the output
mirror and the field returned from the interferometer. The resultant

field depends on the relative phase between these two fields. The phase

in turn depends not only on the phase shift in the long-path intexfero~
teter but algo updn the optical path.between the laser and interferometer. .
This optical path is on the order of 1 meter or about 300,000 wavelengths.

Thus a change in the index of refraction of 1 part per million will change

the relative phase of the return beam by = radians which will generate
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an enormous change in the laser's oscillation frequency. The frequency

shift depends on the intensity of the reflected power and can easily be on
the order of megahertz. Shifts of this magnitude are equivalent to earth
strains of several parts in 108. Such index of refraction changes can be gen-
erated by temperature fluctuations on the order of 1°C. We conclude that in
addition to "snap" and "hang up" the system becomes sensitive to small

changes in temperature and atmospheric pressure.

The éystem would also be sensitive to small changes in the physical
distance between laser and interferometer. If any of the mirrors move

by as little as 3/4 micron the return signal will change phase by =

radians. The conclusion is that good isolation is essential not only for
good line profiles but for stable laser oscillation as well. It is clear

that the 'same kind of considerations apply to lower finesse interferometers

(such as Michelson's) and to systems which measure the fringe position
rather than track it dynamically.

To achieve gdequate isolation we have used an optically excellent
linear polarizer &Rochon prism) followed by an adjustable crystal quartz
quarter wave plate between the laser and the long path. When this system
is properly adjusted, there is no observable frequency "hang up' as the
laser is tuned through a long-fath fringe. See Figure 6a. An additional

multiplicative isolation of 30 db is available using an yttrium irom
_ garnet (YIG) crystal as a Faraday isolator [Gamo et al., 1967].

Optical Reference Laser. The reference frequency for the system is

provided by a second, independent 3.39 micron laser that is locked to a

molecular absorption frequency in methane. This laser, developed by
R. L. Barger and J. L. Hall, has been described in detail in the litera-

ture and will be only briefly described here [Barger and Hall, 1969].
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A laser cavity is constructed containing a helium-neon gain cell and
an absorption cell filled with methane to a pressure of about 12 millitorr.
A quantitative analysis of this problem is extremely complicated, but a
simple physical model ahalogous to the model of the Lamb dip [Bennett, 1962,
1970] contains the essential ideas. The helium-neon cell can provide gain
over a relatively wide range of frequencies given by the Doppler width of
the neon line in question. This width is on the order of 360 MHz. By
properly const;ucting the cavity so that only one sufficiently high-Q mode
lies within the Doppler pfofile, the laser can be forced to operate on a
singlé frequency; A étanding wave will be set up in the cavity. This
can be thought of as two running waves in opposite directions. If
this frequency of oscillation-does not correspond to the methane absorp-
tion frequency, only those methane molecules whose velocity down the cell
axis is high enough to provide the requisite Doppler shift will
absorb the radiation. The two running waves will be absorbed by two
different velocity groups which will cause two holes to be burned in the
velocity distributiop of methane molecules in the state that absorbed
.the energy. As the oscillation freéuency is brought closer and closer
to the methane line center, methane molecules with smaller and smaller
Doppler shifts are excit;d until, at the center of the methane line, only
those molecules with no Doppler shift are excited. At this point both
running wave fields will be "pumping out" the absorbing molecules that
have the right velocity component, namely zero, along the laser axis.

This resulting extra depletion of methane molecules reduces the intra-
cavity absorption at molecular line center and therefore results in
increased laser output power at this frequency. Figure 7 shows this
phenomenon superimposed on the methane laser's Doppler profile. By

dithering one of the mirrors of the methane laser cavity, it is possible
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to lock the methane laser's'frequency to the peak of the emission feature
using the "first derivative lock' described above.

A portion of the output of the methane-stabilized 3.39 micron laser
is heterodyned in a fast indium arsenide diode with part of the output of
the laser locked to the long path. The diode mixes the two signals
and generates, among other signals, a signal at the difference frequency

between the two lasers.

The mixing result;‘from the fact thégnthe diode respon&s not td‘ﬁhé-
incident electric field but to the incident intensity, which is proportional
to the field squared. Thus the output of the diode is proportional to

)2 where ELp and are the optical fields g

(ELp + Emethane Emethéﬁe
incident on the diode from the laser locked to the long path and the
methane~stabilized laser respectively. If

ELp = EO cos(got + ¢0)

Eethane = By cos(u t +4,)

then the diode will have a component of its output of the form
A cos [(mo - ml)t + (¢0 - ¢1)] .

Inspection of this formula shows that it is not trivial. to
obtain a beat signal. The.diode has an active area that is many wave-
lengths in diameter. If the quantity ¢0 -'¢1 varies appreciably across
the active area of the diode, different parts of the diode's surface will
generate beat signals with differing phases and these contributions to
the beat signal will interfere. This interference must reduce the beat
signal's amplitude relative to what it would have been had ¢0 - ¢1 been

constant across the active area of the diode. Thus a failure to keep
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constant will result in a reduction of the signal-to-noise ratio

b = %
in the beat circuit.
A moment's thought will show that é necessary and sufficient conditioh
for ¢0 - ¢1 to be constant across the diode 1is for the two beams to
be colinear and for the radii of curvature of the two beams to be the
same. In addition it woul& be desirable, although not essential, for the
two beams to be of the same diameter. It is clear that the techniques

for satisfying these criteria are the same as those used to obtain mode

A t—— - -+ -

Imﬁfﬁﬁing of two cavities as“aescribed aﬁo;e.- However, the‘requirements here
are not quite as stringent since imperfect mode matching degrades the
signal-to-noise ratio in the beat circuit, and therefore the maximum
. detectable beat frequency,but does not introduce any systematic problems
in the measurement at any one frequency.

Sincé

fbeat - flong path fmethane

Af

beat Aflong path _ Afmethane
flong path flong path f1ong path

- - Ad _ Afmethane )

glong path

If we postpone for a moment a discussion of Af [we will show 1t to

methane
be essentially zero] then
Afbeat - _ Ad
flong path
8o that a measurement of the fluctuations of the beat frequency is a

direct measurement of the strain change in the long path. Figure 8

shows the strainmeter schematically.
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Data Recording. The data output of the strainmeter consists of

the beat frequency, which is sampled at regular intervals.

The frequency samples are digitally récorded on standard 7-track computer
ﬁagnetic tape together with time-of-day information. These samples may
then be plotted, digitally filtered, or Fourier transformed. The results

of such analyses will be presented in detail in a subsequent paper.

SENSITIVITY OF THE SYSTEM

The useful sensitivity of this system to stréins of geophysical interest
is limite& in two different ways. Firstly we must investigate the limits
placed on the system by systematic and random errors within the interferometer
and its associated electronics. Secondly we must consider the possibility
that an incident seismic disturbance is altered by the local geology and/or
by the piers before it reaches the interferometer.

The system noise can be attributed to two main sources. First is
the noise in the methane-stabilized laser. From equation 3 it is clear
that any fluctuations in the methane laser's frequency produce fifst—order
;hanges in the beat frequency. The stability of the methane laser is
being investigated by R. L. Barger and J. L. Hall. They have constructed
two such lasers and have monitored the fluctuation in their difference
frequency as a function of time. Their results aré presented in Figﬁre 9
which shows the Allen variance function of the beat frequency between two
independent devices as a function of the measurement (averaging) time.
The Allen variance measures the average fractional difference between
two adjacent samples of the beat frequency between two coherent sources
as a function of the sampling time. This function proves to be very use-

ful in the frequency standards field, largely because it remains well
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defiﬂed even in the presence of noise with long time correlation, such as
noise with a "1/f" spectral distribution. The Allen variance contains
roughly the same information as a Fourier transform, although with sub-
stanti#lly less detail.

Note that for t£mes less than about 100 sec the frequency fluctuations
decrease in a manner consistent with the hypothesis that the noise source
is approximatély white. It can be seen from Figure 9 that for the-usual
times of geophysical interest (t > 100 msec) the methane laser's frequency
fluctuates by a few parts in 10]_'2 or less. An independent reproducibility
better than 1 x 10"11 was demonstrated in the early experiments., Work
on the methane-stabilized laser device is continuing and the results pre-
sented here should not be regarded as the ultimate attainable with this
gsystem: stability levels approaching 10—14 have already been achieved

with somewhat more sophisticated laser devices.

The‘second important source of instrumental noise is the fluctuation
of the long-path servo lock. With the first set of mirrors, ﬁhe signal-to-
noise ratio in the long-path lock was of order 50 to 1 in a 20 kHz band-
width. If we pick 1 msec ag_a;desirable servo attack time, the .
signal-to-noise ratio is increased by a factor of 11 (by the resulting
integration)-to a factor of 550 to 1. Thus, using the transmission function
of equation 1, this servo will have a noise level of less than 3 x 10-3
linewidths for a 1 mséc integration. For our 115 kc fringe linewidth, we
thus obtain less than 350 Hz equivalent rms frequency noise. The corres-
ponding apparent geophysical strain noise is less than 4 x 10_12 decreasing
at 6 db/octave for integration times longer than 1 msec. The power spectrum

has not yet been completely measured, but preliminary measurements show

that in the frequency range of 1 to 5 Hz, the total system noise (that is,

345

\




-18-

thé ﬁoise of the methane laser plus the noise of the long-path lock) is iess
than, or equal to, 2 parts in 1013 per unit bandwidth. Again, this figure
should not be regarded as the ultimate attainable with this system, particularly
in view‘of the dramatically improved new mirror coatingé. Servo loop gains of
120 db reduce the étatic loop errors to insignificant levels.

Thus we can conclude that the optical/electronic system is.capable of
measuring the effective interferometer length with very high precision. It
is therefore of interest to investigate the relationship between the observable,

the in;erferometer length, and the interesting physical variablé, one component

of the earth strain tensor.

We consider first the piers on which the interferometer is mounted and
the rock formations in the immediate vicinity of the interferometer. We
can distinguish three different classes of problems that might arise: (1)
The piers (and b& plers we shall henceforth mean the piers and the rock
immediately adjacent to them) may exhibit a non-uniform transmission as a
function of frequency. That is, the piers maj énhance disturbances at
certain frequencies because of mechanical resonances. (2) The piers may
exhibit a slow creeping with time. (3) The piers may exhibit non-elastic
behavior or hysteresis whereby large disturbances produce permanent offsets
in the length of the interferometer.

To investigate these possibilities we have performed two experiments.
The first is a measurement of the impulse response of the system. A
"seismic disturbancé" is generated by striking the tunnel wall with a 10 kg
sledge hammer. The energy imparted by the blow is on the order of'180 J.
Figure 10 shows the response of‘the system when the blow is struck on the

tunnel wall approximately halfway between the two piers. Note that the
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system responds elastically, exhibiting no permanent offset or hysteresis.
Furthermore the system shows no strongly resonant behavior and transmits
frequencies from dc up to the Nyquist limit of the display (50 Hz

since the sampling rate is 10 msec). In fact higher frequencies

are also present but have been aliased by the 10 msec sampling rate.

The system does exhibit a weak resonance at about .34 Hz with a Q

of about 40. We have repeated this measurement 8 times, striking the wall
at a different pbint each time. The distance from the point of impulse

to the interferometer was varied from halfway between the piers to 45 m away -
from the interferometer. In addition the angle between the interferometer
axis and 'a line from the point of impact to the interferometer was varied
from 0° to almoét 90°. In this way the response of the instrument to
signals coming from different directions could be surmised.

The results of these experiments were not very surprising. The Gold
Medal reef (see Fig. 1) serves as a low-pass filter and heavily attenuates
seismic disturbances above about 50 Hz passing across it. In addition the
interfé£ométér is most sénsitive to signals incident along its axis and is
essentially insensitive to signals incident at 90° to its axis.

These results are not meant to be exciting. Rather they attempt to
show that the interferometer is not located in an area which has large
local anomalies in its seismic properties. So far as we can determine,
the local geology has‘essentially no hysteresis or other non-elastic
behavior and does not show any strong resonances in its transmission of
seismic signals.

Ve have also investigated the possibility of creep in the piers or a

gradual strain change in the surrounding rock. We have monitored the earth

tides for 42 days (1008 hours). Most of these data will be discussed in

greater detail in the next section. We will show there that the average
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baseline drift over this period was 0 * 1 Xx 10-10 per day. This figure
is degraded somewhat during the spring thaw when the mine becomes partially
flooded. During this period secular strains of 5 * 10-9 per day have been

recorded.

" ADVANTAGES OF THE SYSTEM AND SOME GEOPHYSICAL RESULTS

From the foregoing discussion, it 18 clear that the methane-stabilized
laser strainmeter possesses unique advantages over conventional instruments.
First, it has a uniformly high sensitivity over its wide bandwidth. This,
coupled with its good long-term stability, allows the same instrument to be
used for studying long-term changes in the strain field, rock tides, and
the relatively high frequencies associated with seismic events.

Second, the data output is a frequency rather than a voltage and is
therefore inherently free from the problems of analog electronics. In
addition, the &ata are in a computer-compatible format which facilitates
subsequent processing.

Third, the ear;ﬁ strain is measured digitally in terms of precision
quartz crystal oscillators and therefore problems with mechanical calibra-
tion devices‘do not arise. The drift of the reference laser frequency
has been shown to be completely insignificant on the sensitivity scale
of interesg geophysicélly.

To 1llustrate the wide bandwidth of the instrument, in Figure 11 we
show the seismic signal generated by the nuclear explosion Boxcar, a one-
megaton device detonated at the Nevada test site on 26 April, 1968. The
record represents the first 11 sec of the seismic signature. The first
arrival has a rise time of about 0.22 sec and represents a strain change

of about 6 parts in 1011. The signal-to-noise ratio in the first step
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is about 11 db. From Figure 5 it is clear that the rise time of the first
arrivél is not the instrumental step response. To a first approximation
) it represents the convolution of the impulse response of the seismic

path between the test site and Boulder with the source function of the
blast. This greatly complicates the identification of the source when
data are available from only one station. Nevertheless, seismic dis-
crimination for a relativgly large event seems to be possible using only
the data from a single station. This can be done by computing the power
spectrum of the first 3 sec of the data and comparing it with the power
spectrum in the subsequent 15 sec. The ratio of these ﬁwo power spectra
is similar to the "complexity" discriminant discussed by Evernden [1969].
It is clear that this technique must fail for sufficiently distant and/or
sufficiently Qeak signals but we do not have enough data to set any

limits on the usefulness of the technique.

CONCLUSIONS
We have constructed a laser strainmeter with several important
advantages over conventional mechanical and laser-optical instruments.
We have illustrated the asystem's capabilities using several different
types of experiments. We are continuing to improve the system's sen-

sitivity and reliability.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.
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Figure Captions
The geolog& of the 200 foot level of the Poorman's Relief
Mine, Boulder County, Colorado.
Details of the vacuum envelope of the laser interferometer.
The fundamental transmission fringes of the 30-meter inter-
ferometer using the original 977 reflectivity mirrors. The
x-axis of the oscilloscope is driven from the voltage applied
to the piezoelectrically drived mirror on the laser illumin-
ating the interferometer and is proportional to the frequency
of the light incident on the interferometer (vide infra).
The y axis is driven from the photoelectric detector placed

at the far end of the interferometer. The y axis sensitivity

is 50 uW/cm.

The transmission fringes of the 30-meter interferometer showing

' the fundamental and off-axis modes. Except for the halving

ofvthe y axis sensitivity (to 100 uW/cm) the display is pro-
duced the same way as in Figure 3.

Step response of the long-path servo lock. The x axis sweep
speed is 500 usec/cm. The y axis shows the error signal in
the servo resulting from a step voltage applied to the piezo-
electric tuning crystal in the laser illuminating the long
path.

(a) Upper trace: y axis driven from power transmitted through
30-meter interferometer; lower trace: y axis signal is pro-
portional to the laser's oscillation frequency. This signal

is obtained by heterodyning the laser in question with a sec-

‘ond 3.39 micron laser with good short term stability. The re-
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

sulting radio-frequency beat is then converted to a voltage
with a scale factor of 1 volt/MHz. The common x axis drive
is derived from the piezoelectric tuning voltage being
applied to the laser illuminating the long path.

(b) This figure is dbtained using the same system as in (a)
except that optical decoupling between laser and interfero-
meter has been reduced so that the return light is only
attenuated by about 10 db. |

The principle of saturated absorption. Tﬁe figure shows
the output power of a 3.39 micron helium-neon laser with a
methane cell inside the cavity as a function of cavity length.
Note the sharp emission feature superimposed on the Doppler
ﬁtofile of the laser's output power. The dc output power

is about 300 uW and the emission feature is about 3% of this.

" (The displacement of the two traces is due to hystersis in

the piezoelectric crystal.)

ﬁlock diagram of the 30-meter laser interferometer.

The Allen variance of the methane stabilized laser. It is
computed by measuring the average fluctuation of the beat
frequency between two independently stabilized lasers as a
functidn of the averaging time. The variance is ‘then ex-
pressed as the ratio of these quantities to the output fre-
quency which is on the order of lOla'ﬂz.

The "impulse response" of the system. This shows the res-

ponse of the system to striking the tunnel wall with a 10 kg

sledgehammer midway between the piers. The beat frequency
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Figure 11.
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was sampled 100 times per second and the resulting saﬁples
were plotted with no adjustments. The scales are =100
parts in 1012 on the y axis and 0-4 seconds on the x axis.
First motion of the nuclear explosion Boxcar, detonated at
the Nevada Test site on 26 April 1968. Thg record shows
the first 11 sec of the seismic signal. The data have not
been filtered but a least-squares-fitted straight line has

been subtracted prior to plotting.
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