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INTRODUCTION 

Seismic signals cover a wide spectrum, extending from a fraction of 
a second to many hours and possibly to infinite periods (which would 
correspond to residual displacements). No single instrument to date is 
capable of covering this wide range of periods: a number of limited­
bandwidth instruments is in use. These can be divided in two groups, 
pendulum instruments, which respond to ground accelerations and which 
form the great majority, and strainmeters or extensometers, which measure 
relative displacements. 

This thesis describes the development of a novel seismic instrument 
of the strainmeter type. The instrument essentially consists of a gaseous 
optical maser or laser, with its end-mirrors fixed to the ground. Strains 
in the ground will cause a relative displacement of the mirrors, which 
in turn pro duces a frequency shift of the emitted radiation *). The instru­
ment combines the favourable strainmeter response for long period waves 
with a modest size, comparable to that of a pendulum-instrument. More­
over, because of the remarkably narrow linewidth of the laser radiation 
the instrument should be sensitive over the entire seismic spectrum. This 
promising property, however, also results in a sensitivity for changes in 
environmental conditions other than seismic signais, and it is the sup­
pression of these unwanted effects, that forms the major problem in the 
construction of a laser strain seismometer. 

The contents of this thesis are divided into four major sections: In 
chapter I the gaseous optical maser is briefly described. The principle of 
operation of the laser strain seismometer (L.S.S.) and an estimate of its 
highest expected sensitivity is given. Some other instruments that measure 
strain are discussed. 

Chapter II describes in detail the construction of the instrument and 
gives an account of the signal handling and electronics. The various 
sources of environmental and instrumental noise are discussed in chapter 
lIl; also the effect of nonlinearities in the laser itself is investigated here. 

In the final chapter recordings obtained with the L.S.S. are presented 
and compared with records of the same events made by other instruments. 
Special emphasis is given to the recording of the magnitude 7-1 earthquake 
off Peru, occurring oct. 17, 1966. 

*) This idea. to use gas lasers for the detection of seismic strains was initially 
suggested by Prof. Leonard E. Alsop and Prof. George H. Sutton. 



ClIAPTER I 

GASEOUS LASERS AND LINEAR STRAINMETERS, PRINCIPLES 

OF OPERATION 

Lasers have become an established part of physics and some exellent 
introductions into this field are now available (e.g. LENGYEL 1966, THORP 
1968). However, for the reader who is not familiar with the subject, we 
will start this chapter with some general remarks on laser physic8 for 
him to understand the particular application of lasers to seismology. 

1.1. PRINCIPLE OF LASER OPERATION 

In a system of atoms in thermal equilibrium, the relative population 
of any two levels is determined by Boltzmann's law. Consider two levels 
(1) and (2) with energies El and E2 with respect to the ground state. 
Then (see Fig. 1.1) 

n2 = g2 • e-(B2-B l)/kT 

n1 UI 
(1.1) 

where nl,2 are the level populations and Ul,2 the statistical weights of 
the levels, k is Boltzmann's constant and T is the absolute temperature. 

For an energy difference corresponding to an optical transition and at 
room temperature, this ratio is very smalI: substituting in eq. 1.1. 

E 2 -E1 
h =,,=2.6x 1014 Hz where h=Planck's constant, 

U2 n2 
- 1::::11 and T = 3000 K gives - ~ 10-19• 
UI nl 

E2 -E1 
In the presence of external radiation of the frequency ,,= h ' 

upward transitions in the system may occur through absorption of radi­
ation and downward transitions with emission of radiation. This emission 
can happen in a random fashion and is then called spontaneous emission, 
or it can be induced by the external radiation. The latter process is called 
stimulated emission and yields radiation with the same frequency, phase, 
and direction as the stimulating external radiation. Since the absorption 

is proportional to n l
, and emission to n2 , normally in the optical region 

gl g2 
the absorption very strongly dominates, and radÏation passing through 
the system is attenuated. If, however, one is able to bring the system 
out of thermodynamic equilibrium in a condition of population inversion : 
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such that n2 > n
1

, then stimulated emission is enhanced over absorption 
g2 gl 

and under certain conditions the point may be reached where coherent 
amplification of radiation or LASER-action takes place. (Light Amplifi­
cation by Stimulated Emission of Radiation). 

Rather than in amplification as such, the main use of stimulated emission 
in the optical region of the electromagnetic spectrum has been as the 
driving force of an oscillator, which is then called a laser lightsource or 
laser. Like any oscillator the laser oscillator is a noise amplifier, the noise 
now being spontaneous emission. The necessary feedback is obtained by 
enclosing the active medium between two mirrors. An important mirror 
configuration is the Fabry-Perot cavity consisting of two plane parallel 
mirrors normal to the line that connects their centers. 

Spontaneous emission, emitted parallel to this line - the laser axis­
is trapped within the cavity by repetitive reflexions at the mirror surfaces. 
If the amplification in the active medium is large enough to overcome 
the inevitabie losses due to transmission of the mirrors, scattering and 
diffraction, the radiation energy builds up and the system starts to oscil­
late. Stimulated emission depletes the upper level, however, and the laser 
action may stop again or reach an equilibrium condition, depending on 
the pumping rate: that is, on the supply of upper state atoms. Also 
oscillations in other modes than the purely axial mode described, are 

\ 
\ 
\ 
\ 

----.. POPULATION 

Fig. 1.1 Relative population of two levels in a system of atoms in thermal 
equilibrium. 
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possible. It should be clear that a laser light source is essentially different 
from any other source of light: the laser depends on population inversion 
and stimulated emission, whereas classical light sources all depend on 
spontaneous emission. On the other hand, a laser bears great resemblance 
in principle to a common radio-emitter since it also produces coherent 
radiation. 

1.2. THE HELIUM-NEON LASER 

Sin ce the fust ruby laser was built by Maiman in 1960, laseraction 
has been achieved at wavelengths extending from the ultraviolet to the 
far infrared, in such different media as crystalline solids, glasses, liquids, 
and gases. The fust continuous gaslaser was realised by JAVAN et al. (1961), 
who used as active medium a mixture of helium and neon and obtained 
laser radiation in the near infrared at A= 1.15 f-l . It is this particular type 
of laser that was used in our experiments and therefore the following 
discussion will be restricted to the He-Ne gas laser. In this chapter its 
relevant properties will be described ; constructional details will be given 
(mostly) in chapter Il. The lasers used in the present experiment are of 
common design; they consist of a fused silica discharge-tube (of length 
I meter, bore 6 mm) , containing the low pressure He-Ne mixture and 
sealed at both ends by optically flat windows. These windows are oriented 
at the Brewster angle, thus ensuring minimum losses for one direction 
of polarisation (BORN & WOLF, p . 43) . Mirrors that are highly reflective 
for A= 1.15 f-l are placed at either end of the tube, normal to the tube 
axis. 

Among the several interesting properties of the laser radiation, its 
frequency plays a crucial part in the present application. The different 
factors determining this frequency are described in the following three 
sections. 

1.2.1. The active medium 
The 1.15 f-l laser line corresponds to a transition between the 282 and 

2P4 levels (paschen notation) in neon (Fig. 1.2) . A gaseous discharge 
provides the pumping necessary to achieve population inversion by 
electron excitation. This pumping is made more effective by the presence 
of helium: neon groundstate atoms are excited to the 282 level by inelastic 
collisions with 238 He-metastables. (For information on different notations, 
see ALLEN & JONES 1967). 

Only radiation that has a frequency within the width of the atomic 
line can gain intensity by stimulated emission. In a low pressure gas, 
the linewidth is determined primarily by doppIer broadening caused by 
the thermally moving atoms. The fractional intensity gain g(JI) per single 
pass through a tube of length 1, owing to stimulated emission is in this 
case a gaussian function of (v-vo), the frequency difference from the 
atmioc line-center voo 
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Fig. l.2 Energy levels of He a.nd Ne involved in the l.I5t' laser tra.nsition. 

LH (P-P, )2 
g(v) = T ~go · e- O.6L1PD • l. 

where go = gain at line center 

LfVD = doppier width = fuIl width at half maximum 

One has 

LfVD = 1/8 kTln 2 
y M·).2 

(l.2) 

(l.3) 

where M is the atomic maas. Upon substitution of appropriate values: 
T=400oK, ).=l.15 p., eq. (l.3) yields LfVD=800 MHz. 

The gain at line center depends on the degree of population inversion, 
the tube diameter, gas pressure etc. and amounts to several percents 
per meter for the l.15 p. line under typical operating conditions. 

l.2.2. The resonator 
As a first intuitive approach one may visualize the laser field as con­

sisting of plane light waves bouncing back and forth between the mirrors. 
For consecutive reinforcement to occur, it is necessary that the phase­
shift af ter one round trip be a multiple of 2n. 
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For an evaeuated eavity this resonanee eondition may be written 
simply as follows: 

A 
L=m·-

2 

where m is an integer; for A= 1.15 P. and L= 1 meter: m ~ 106. 

(IA) 

(IA) is apparently satisfied for a series of equally spaeed eavity reso­
nanees Ve: 

c 
vc=m· 2L 

c 
For a one meter eavity the resonance spaeing- = 150 MHz. 

2L 

(1.5) 

Because of the fini te mirror dimensions, there are large diffraetion­
losses owing to spilling over of light at the mirror edges. Obviously plane 
waves do not represent a stabIe wave form or mode of oscillation for such 
a two-mirror system. 

A great deal of work has been done in ealeulating the actual modes 
of these open resonators with plane parallel as weIl as several eombinations 
of plane and eurved mirrors (Fox, Lr 1961; BOYD, KOGELNIK 1962; 
review article: KOGELNrK, Lr 1966). It turned out that an infinite number 
of transverse electromagnetic (TEM) modes exists, which have different 
amplitude and phase distributions over a plane normal to the cavity axis. 
For circular mirrors these modes were designated TEMpiq, where pand 1 
are transverse mode numbers which designate the number of radial and 
azimuthal nodal lines in the field distribution over a plane normal to the 
resonator axis. The third index, q, the longitudinal mode number, gives 
the number of field zeros between the mirrors; thus from (1.4) q=m-1. 
As pand 1 increase, the mode pattern gets more complicated and also 
diffraetion losses go up. The TEMoOll or fundamental axial mode has an 
axially symmetric, approximately gaussian amplitude distribution and 
a nearly constant phase over most of the output area. 

The bandwidth LIve of any passive TEM resonance depends on the inter­
ferometer quality factor Q for that particular resonance. 

This quality factor is defined as 

(1.6) 

and depends on the resonator losses. When these are smalI, as is the 
case with most gas laser cavities, the following expression may be derived 
(BIRNBAUM 1964, p. 75). 

Q= 2nL 
A/ 

(1. 7) 
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Here 1 is the fractional loss per pass of the interferometer and is made 
up of transmission, scattering and diffraction losses, which typically add 
up to a few percents. 

Substituting L = 1 meter and 1 = 5 % results in a value of '"'" 108 for Q 
and in a cavity linewidth Llvc ~ 2 MHz. 

The TEMooq mode which, according to its description given above, 
comes close st to the idea of plane waves, has diffraction losses lower 
than any other mode. This means, since transmission and scattering for 
the different modes remain approximately constant, that this mode will 
have the highest Q of all. Therefore in an active cavity when the pumping 
power is increased from zero, the fundamental axial mode will be the 
fust to oscillate, provided the opties are of sufficient quality to allow the 
gain to surpass the loss anyway. We then say that the laser threshold 
- minimum pumping power for the axial mode - is reached. 

1.2.3. Laser radiation, Irequency and bandwidth 
As was shown in the preceding section the empty resonator supports 

a series ofaxial modes Vc, that are 150 MHz apart. Each axial mode is 
accompanied by a number of off-axis modes that are spaced much closer. 
Apparently several of these resonances fit under the gain curve, which 
from eq. (1.3) has a width Llvn= 800 MHz. These resonances will actually 
oscillate for which the gain g(v) surpasses the loss I, which depends on 
the type of mode. The reducing of g(v) - that is: the pumping power­
andjor the increasing of 1 can bring the situation down to the point where 
all non-axial modes and all but one of the axial mode oscillations are 
suppressed (Fig. 1.3). This "single mode" situation is assumed to apply 
in the rest of this cha pter . 

The actual oscillation frequency depends on both Vc and the atomic 
line center frequency vo. If the interferometer resonance happens to be 
tuned exactly at atomic line center, then Vc=Vo=V. Generally, however, 
Vc will be different from vo. In this case the following expression for v, 

derived by TowNEs (1961) holds to good approximation near threshold 
(BENNETT 1962) 

(1.8) 

Since Llvc ~ Llvn, eq (1.8) may be simplified to 

(1.9) 

The oscillationfrequency has apparently somewhat shifted away from 
the cavity resonance towards atomic line center (Fig. 1.4). In the approxi­
mation given, this socalIed mode-pulling is linear with cavity detuning 
(vo-vc) . Non linear effects (BENNETT 1962, LAMB 1964) which are neglected 
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Fig. 1.3 DoppIer broadened gain curve and cavity resonanees spaced by c/2L Hz. 
The mode nearest to the line center is above threshold for oscillation. 

here, are discussed in chapter lIL Because of the effect of amplification 
in the active medium extreme line narrowing of the passive cavity reso­
nance occurs. The resulting narrow laser linewidth LI" has been estimated 
theoretically by several authors e.g. SCHAWLOW & TOWNES (1958), TOWNES 
(1961) to be: 

(1.10) 

where P = power in the mode. 
Substitution of P = 1 m Wand LI"c = 5 MHz, results in a bandwidth 
LI" f""OoJ 2 X 10-3 Hz for the 1.15 p. line. 

mode­
pulling 

frequency 
Fig. 1.4 The actual oscillation frequency v is pulled away from the cavity reso­

nance towards the atomie line center. 
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This exceedingly small value has little practical significance because 
of extraneous mechanical noise of for instance thermal or acoustical 
origin. Stability measurements by JASEJA et al. (1963, 1964), BALLIK 
(1964), and BOERseH et al. (1967) yielded difference frequency fluctuations 
of some 20 Hz during a few seconds; and a constancy of 100 Hz over 
a 10 second period was obtained at times. Probably, with better environ­
mental control, the bandwidth Lh may be kept at some hundreds or 
thousands of cycles per second over periods of minutes, which means a 

Llv 
stability - ~ 10-12 to 10-11• 

V 

1.3. THE LASER AS A STRAIN MEASURING DEVICE 

If mode pulling is ignored for the moment, then the laser oscillates 
c 

at a cavity resonance:v=vc and consequently with eq. (1.5):v=m.-, 
2L 

which upon differentiating gives a simple relation between a change in 
cavity length and the corresponding laser frequency shift 

dv 
v 

dL 
-y (1.11) 

By mounting the laser mirrors on a rock surface, strains in the rock will 
cause the mirror distance L to vary (Fig. 1.5). This will change the laser 
freque,ncy according to (1.11), which states that fractional changes in 
length and the corresponding fractional changes in frequency are equal 
and of opposite sign. Laser frequency v and cavity length L are known: 
if the frequency shift dv can be determined it is obvious that (1.11) 
represents an absolute measurement of displacement, or strain if one does 
not specify L. 

MIRROR 
I 

--\ LASER TU BE 

MIRROR 
I 

1-- -----... 

Fig. 1.5 Principle of the laser stram seismometer: strains in the Hoor will vary 
the mirror distance Land therefore the laser oscillation frequency. 
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The above result remains essentially the same if linear pulling is taken 
into account. From (1.9), the equivalent of (1.11) takes the form 

(1.12) 

The factor in parentheses is a constant of the system and as was shown 
in sections 1.2.1. and 1.2.2. , deviates approximately one percent from 
unity. (LIve ~ LlvD) . 

1.3.1. Dynamic range and sensitivity 

The main advantage of using a gaslaser for measuring earth strains 
is the high sensitivity and large dynamic range one may expect. Strains 
will change laser frequency; when these frequency changes become of the 
order of the axial mode spacing the laser will change to the next axial 
mode and the frequency no longer is a single valued function of the mirror 
separation. This puts an upper limit to the range of measurable strain. 
Sin ce the axial mode spacing of a one meter long laser is approximately 
150 MHz (sect. 1.2.2), frequency excursions should be limited to some 
tens of megacycles. Consequently from eq. (1.11), for a one meter long 
laser oscillating at 1.15 ft (v= 2.6 X 1014 Hz) this means an upper strain 
limit of about 10-7• 

More interesting of course is the smallest amount of strain that can 
be detected. This is determined by the laser radiation bandwidth. As 
was mentioned in section 1.2.3 a minimum linewidth Llv of some hundreds 
to a few thousands of cycles per second seems to be arealisable figure. 
This would mean a least detectable strain of 10-12 or 10-11 which is 
approximately an order of magnitude more sensitive than are present 
day strainmeters. 

1.3.2. Detection technique 
To detect frequency changes ranging from several MHz down to some 

hundreds of Hz in an optical carrier wave, an extremely high resolving 
power of the order of the inverse strain is needed. The resolution of optical 
spectrometers and interferometers is at best some lOS and 107 respectively, 
which falls short of what is required by many orders of magnitude. 
Instead, a photomixing technique is being used (FORRESTER et al. 1961), 
similar to the heterodyning in a radio receiver. When the output beams 
of two independent single mode lasers are incident on the photosensitive 
surface of a photomultiplier tube or other suitable photodetector, the 
detector output will contain the difference- or beat frequency between 
the two optical frequencies. Necessary conditions are that the beams are 
(at least partIy) polarized in the same direction, that they are lined up 
in such a way that their wave fronts coincide over the detector area 
and that the difference frequency is within the frequency response of the 
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detector. The beat frequency between two similar lasers is of the order 
of the axial mode spacing or less, and consequently the detector output 
can be handled by standard V.H.F. circuitry. 

When we beat two lasers in the fashion just described, one of them 
- which would be called "the local oscillator" - may be stabilized to a 
constant frequency, and the other be left free-running, or alternatively 
both lasers may be free running. In the fust alternative the difference 
frequency will change because of varying strains acting on one - the free­
running-laser. In the other situation varying strains acting on both, 
effect the output. 

The local oscillator arrangement, although it has the advantage of a 
somewhat simpier response pattern for longitudinal seismic waves (see 
section 1.3.3), has a serious disadvantage: It "sees" all environmental 
effects like temperature- and barometric pressure changes, whereas these 
effects disappear to fust order if both lasers are free running, since they 
see the same environment which then cancels out in their difference 
frequency. For this reason the free running arrangement was chosen. The 
actual set-up, as given schematically in Fig. 1.6 consists of two laser 
cavities mounted at right angles to each other on a horizontal surface. 

view trom 
above -LASER2 

BEAM-SPLITTER~c::. ==:::=J 

[ I~ 
LASER 1 

lJ-PHOTD­
MULTIPLIER 

Fig. 1.6 Schematic of the a.ctual laser strain seismometer set-up: Two laser 
cavities mounted at right angles on a horizontal rock surfa.ce. The varying difference 
frequency between the two laser frequencies is detected in the photomultiplier. 
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The two laser beams are superimposed by means of a 45-degree beam­
splitting mirror; either output from this mirror is available for detection. 
For preliminary results see H. J. VAN VEEN et al. (1966). 

1.3.3. Directional response to seismie waves 

The laser strain seismometer (L.S.S.), as described in principle in the 
previous section, is sensitive to components of seismic waves that produce 
horizontal strains. This means that the instrument "sees" true and ap­
parent surface waves. The latter are produced by incoming body waves 
and their speed depends on both speed and angle of incidence of the 
body wave. 

The instrument's response is conveniently derived by subtracting the 
response for the separate lasers. These are linear strainmeters, the theory 
of which is weIl known thanks to the work of H. Benioff. 

Given a plane surf ace wave ~=f (t- ~) of wave length A. traveling 

with (apparent) speed V in a direction, making an angle <X with the strain 
meter axis, one may derive the following expressions in w hich ~ denotes 
horizontal ground particle displacement and L is the strain meter length: 
For longitudinal surface waves: 

dL cos2 <X d~ 
T=--y- dt 

and for transverse surface waves: 

dL sin 2<x d~ 
L=-~ dt 

( 1.13) 

(1.14) 

In the derivation it is assumed that the strain meter length is small 
compared with the wave-Iength of ~. Equations (1.13) and (1.14) are 
represented in Figs. 1.7. and 1.8. Each of the two lasers has such a set 
of directivity patterns; corresponding patterns are equal but rotated over 
90° in the horizontal. To find the overall response, corresponding patterns 
must be subtracted, resulting in the 4-leaf clover patterns of Fig. 1.9 
for longitudinal waves and Fig. 1.10 for transverse waves. Apparently 
the responses for both types of waves have the same shape, the only 
difference being a rotation over 45°. The analytical derivation is simply 
as follows, for longitudinal waves: 

(1.15) 
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Fig. 1.7 

Fig. 1.9 

Fig. 1.7 

90 

270 

AL C082 ex de 
Y=--V-'dt 

AL cos 2lX dÇ 
Y=--V-'dt 

a 

Directional response of Benioff linear strain­
meter for longitudinal waves. 

Fig. 1.9 

Directional response of laser strain seismometer 
fOl longitudinal waves. 

Fig. 1.8 

Fig. 1.10 

Fig. 1.8 

90 

270 

90 

270 

AL sin 2lX de 
Y=--V-Odt 

a 

Directional response of Benioff linear strain­
meter for transverse waves. 

Fig. 1.10 

Directional response of laser strain seismometer 
for transverse waves. 
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and similarly for transverse waves: 

dLL = (dLL)l - (dLL)2 = - 2
1v d~ (. 2 . ) . dt sm ~l-sm 2~2 = 

( 1.16) 
1 d~ (. 2 . 2( 00 ) sin 2~1 d~ 

= - 2 V . dt sm ~1 - sm ~1 + 9 ) = - V . dt 

From Fig. 1.9 it is apparent that directions of maximum sensitivity 
for incoming longitudinal waves are the ones oriented parallel to one of 
the laser tubes; midway between these maxima are four azimuths that 
have zero response for longitudinal waves. A comparison of Figs. 1.9 
and 1.10 shows that directions of maximum response for longitudinal 
waves have zero response for transverse waves and vice versa. Equations 
(1.13) to (1.16) show that both the simple linear strain meter and the 

L.S.S. have a response proportional to :: . This socalled velo city transducer 

response is characterised by a 6 db per octave decrease in displacement 
sensitivity with increasing period. 

IA OTHER STRAINMETERS 

The principle of measuring relative seismic motion between two neigh­
bouring points, by means of some kind of yardstick as length standard 
was invented by JOHN Mn.NE (1888). The device failed because of lack 
of sensitivity. The fust useful instrument of this type was built by H. 
Benioff, who also provided a theory (H. BENIOFF 1935). The principle 
of operation is as follows: Changes in the distance between two piers A 
and Bare measured with a long rod or tube made from a material with 
a low coefficient of expansion like quartz. One end of the tube is fixed 
to pier A, the other end is free and extends to within a short distance 
from pier B. The tube is supported by thin wires, which prevent vertical 
movement, while the restriction of movement along the tube is negligible. 

As seismic, tidal or secular strains effect the distance AB, the gap 
between the free end of the tube and B varies. Several types of transducers 
have been in use to pick up this signal. In the early versions an electro­
mechanical transducer-galvanometer combination was employed; the 
response characteristic being determined by the damping and free period 
of the galvanometer. Later, because of growing interest in very long period 
phenomena, capacitor plate transducers were introduced (BENIOFF 1959, 
MAJOR et al. 1964). 

The principle advantage of strain meters over pendulum instruments 
is the superior long period performance; the mean reason for this is the 
lack of response to tilts and the slower decrease in displacement sensitivity 
with increasing period. For a strainmeter, the displacement sensitivity 
(section 1.3.3) is approximately inversely proportional to the period as 
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compared with an inverse proportionality to the period squared for 
pendulum instruments, i.e. when periods exceed the free period T o of 
the pendulum. 

Less favourable properties of strainmeters, which severely restrict the 
number of possible installation sites, are: extreme sensitivity to temper­
ature - and barometric pressure changes and to local strains produced 
within a distance, comparable to the strainmeter length. Also this length 
itself is cumbersome, instruments exist with lengths up to 60 meters, 
requiring a tunnel or minedrift for the installation. 

Recently several authors have published modifications of the Benioff 
strainmeter. BLAYNEY and GILMAN (1965) maintained the essential 
Benioff design but achieved greater ease of installation mainly by modi­
fying the tube supports; they also added a continuous interferometric 
calibration which is important for reliable secular strain measurements. 
V ALl et al. (1965) abandoned the quartz tube and measured changes in 
the total distance AB interferometrically, using a He-Ne laser as a light 
source; changes in the refractive index of air caused by turbulence, how­
ever, forced them to use an evacuated tube over the fulllength AB, so 
that they ended up with the same kind of inconvenient construction. 
Recently Major installed several quartz strainmeters in shallow ditches 
at the surface ; the huge effect of the daily temperature cycle was reduced 
by metal compensating joints between the sections of quartz tubing. 

Of particular interest for the laser strain seismometer project is a set 
of quartz tube Benioff linear strainmeters (B.L.S.), located in the Ogdens­
burg Observatory of L.G.O.; see chapter II and for an extensive descrip­
tion: MAJOR et al. (1964). These instruments and the L.S.S. are all in 
the same location and, as was mentioned already, have the same period 
response. Therefore, if differences in directional response are taken into 
account, their recordings may be directly compared, several examples 
of which are given in chapter IV. 



CHAPTER II 

DESCRIPTION, INSTALLATION AND OPERATION OF THE 

LASER STRAIN SEISMOMETER 

As is usual in an instrumental project the original design underwent 
many modifications in the course of time, and in view of the dUference 
still existing between realisable and realised useful sensitivity, the version 
described here should not be considered as final. 

This chapter describes construction, installation and running of the 
L.S.S.; the construction part being subdivided in sections on mechanical, 
electrical and electronic aspects. 

2.1. CONSTRUCTION OF THE INSTRUMENT 

In this particular laser application, construction requirements for the 
instrument are rather uncommon: mirrors rigidly coupled to the floor 
and otherwise decoupled from each other. As a consequence no commer­
cially available He-Ne lasers could be used; instead the set-up is assembied 
from components that were partly purchased (e.g. mirrors, coatings, laser 
tubes), partly designed and made in the laboratory (e.g. mirror holders, 
tube supports). In the following sections the more important parts of the 
system will be treated in some detail. 

2.1.1. Laser tubes and supports 

The laser tubes made from fused silica, were of well-known design as 
is shown in Fig. 2.1. Each tube was provided with antiparallel Brewster­
windows, which were uncoated 1/20 wave flats, directly fused to the tube. 
The overall tube length of 985 mm was chosen as large as possible, to 
minimize the air gaps between Brewster windows and mirrors. Not all 
of this tube length was active however: the dis charge ran through the 
smaller bore center section of the tube; the active tube length was there-

... ,.._------------985 mm---------------;. 

• ,.. ... _--700mm --.......... : ; 

cathode anode : 

~_~I Lff: "jin J 1",---. _~ 
t 

Fig. 2.1 The laser tubes were made from fused silica of approx. 1 mm wall 
thickness. For simplicity the tube is shown without its electrodes. 



A LASE Et STRAIN SEISMOMETER 19 

fore some 700 mmo On ce in operation the tubes had to run continuously 
and in order to ensure an acceptable lifetime, great care had to be given 
to the cleaning process before the tubes were filled. This cleaning was 
done before the electrodes were attached and consisted of flushing subse­
quently with: a good grade detergent (e.g. alconox), deionised water, 
acetone, deionised water, reagent grade ethyl alcohol. The tube and 
especially its windows had to be spotlessly clean upon visual inspection. 
The electrodes sealed in pyrex bulbs were then attached to the tube. 
These bulbs were made quite large because they function as gas reservoirs. 
The complete tube was sealed to a vacuum system-filling station, pumped 
vacuum and baked overnight at 3500 C. Usually tubes were filled two 
at a time; the same treatment ensuring roughly equal properties such 
as gain and lifetime. Af ter activating the cathodes and cleaning anodes 
and getters by heating, the tubes were baked again, resulting in a final 
vacuum of 10-7 torr when the pumpvalve was closed. 

The gas used for filling is a commercially available 9 : 1 mixture of 
naturally occurring helium and neon, with upper limits on impurities of 
a few parts per million. 

The tube was made to lase while still attached to the filling station 
and the most efficient value for the He-Ne total pressure was determined 
by experiment, considering that: 
1. for a long tube life the DC discharge current should be kept as low 

as possible to increase cathode lifetime and reduce gas clean-up. 
2. the discharge should be electricaUy quiet, since a varying discharge 

current causes amplitude as weU as frequency variations in the laser 
output radiation (see next chapter). 

3. to counteract the effects of gas clean-up and diffusion, the tubes 
should be overfiUed. 

With He-Ne total pressure as a parameter, the discharge current noise 
was observed for various DC currents. In Fig. 2.2 the laser output (photo­
multiplier DC level) is plotted against discharge current for several gas 
pressures. Three different kinds of discharge behaviour can be distinguished 
and have been qualitatively indicated in Fig. 2.2. At 1=20 mA and 
pressures above 1 torr, the dis charge was noisy with peak to peak noise 
amplitudes typicaUy of 6 %, occasionaUy up to 25 % of the DC value 
as viewed on a DC to 50 MHz oscilloscope. As the discharge current was 
lowered, at some critical, pressure dependent value, the noise dropped 
out and oscillations started building up, having a frequency around 
15 kHz. These increased in amplitude with decreasing current and finaUy 
caused extinction of the discharge. In between these two regions a noise­
and oscillation-free discharge could be obtained with peak to peak current 
variations less than 0.1 %. This quiet region diminished with increasing 
pressure and was absent above 2.8 torr. At the selected filling pressure 
of 1.85 torr, the quiet current range extended from 4 to 9 mA. Over this 
range the laser output is nearly linear with discharge current and may 
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he varied by a factor of two. The tubes were then sealed oft", the getters 
fued and the correct cathode filament current was determined with an 
optical pyrometer. Tubes thus prepared were running continuously for 
over five months, had then to be replaced beeause of eathode failure in 
one tube. 

The used tubes were reconditioned in the laboratory by cleaning, 
sealing-on new eleetrodes and filling, in the way described above. At 
both ends of the laser tube a U-shaped aluminium block was cemented, 
its opening facing away from the electrodes. These bloeks were clamped 
on a heavy support base as is shown in Fig. 2.3. This support could be 
adjusted sideways and vertically to accomodate for an uneven rock 
surface and tolerances in drilling the holes for mounting. By clamping 
the tube at the ends, transverse vibrations eft"ecting the end windows 
whieh would change the optical cavity length and thus cause frequeney 
shifts, were prevented. 

TUBE SUPPORT 

top view 

side view 

Fig. 2.3 Laser tube support. On the side view a laser tube is shown, clamped in 
position. The large vertical plate is 25 mm thick aluminium. This plate can be 

adjusted up and down or sideways to align the tube in the cavity. 
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2.1.2. Mirrors 

In the fust He-Ne lasers (JAVAN et al. 1962) flat mirrors were used. 
It was found, however, (BOYD & GORD ON 1961) that spherical mirtors 
are far easier to align, but a disadvantage is that a smaller volume of 
dis charge is active. In an evaluation of several combinations of flat and/or 
spherical mirrors as laser cavities by SINCLAIR (1964) the near hemi­
spherical configuration turned out to be a favourable compromise between 
ease of alignment and active discharge volume. This configuration consists 
of one flat and one spherical mirror with a radius of curvature slightly 
larger than the mirror distance. An additional advantage of this configu­
ration is the small output-beam diameter when the signal is taken of! 
the flat mirror, provided the mirror to detector distance is kept small. 
The mirrors, flats and sphericals, the latter with 1 meter radius of curva­
ture, are of fused silica with 1/20 wave surface figures. These substrata 
are coated for 99 % reflection at 1.15 fl with moisture resistant ("hard") 
multilayer dielectric coatings. 

The mirror holders serve to couple the mirrors to the rock surface 
and allow for angular adjustments. As can be seen in Fig. 2.4, the stands, 
made of aluminium, basically consist of a rigid baseplate and a vertical 
plate holding the mirror, which can be adjusted with respect to the base. 
The mirror is clamped against three studs in the vertical plate. The 
baseplate is spring mounted on the rock surface and rests on three stainless­
steel points. All mirror stands have fine manual angular adjustment 
screws, allowing for rotations of the mirror plane around two perpendicular 
axes, both normal to the laser axis. The minimum mirror rotation 00-
justment is 10-3 degrees. In addition, in each cavity, one mirror stand 
has a remotely controlled fine adjustment, consisting of a geared down 

Of-- .-

l •.. -_. 

r' '.' 

Fig. 2.4 Mirror holder; two to each laser cavity. 
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De micromotor, which by wormgear drive rotates a threaded shaft. The 
lever construction which passes on the translation of this shaft to the 
plate holding the mirror, takes care of a further reduction of 25 : 1. 

In this way it is possible to rotate the mirror in acontrolled fashion 
over an angle as small as 2 x 10-3 arc seconds. This amount of rotation 
is too small to effect the cavity adjustment, but its influence on mirror 
position and therefore on cavity length is easily observed as a frequency 
shift in the laser output. Shifts as small as 0.3 MHz (LlL ~ 10-3 fl) can 
still conveniently be made by momentarily actuating the motor. These 
shifts can be made in either direction by reversing the polarity of the 
voltage that drives the motor. The cavity can be tuned through several 
longitudinal resonances, that is: over several times 150 MHz, without 
appreciable loss of alignment. To proteet the laser opties from contami­
nation, dustcover assem blies are fitted to each stand, enclosing the mirror 
and nearest Brewster window in a dust free environment. The covers 
are toy balloons cut in half, a punched hole fits snugly around the tube 
and the open end is sealed against the mirror stand, by means of a plexi­
glass ring and brass attachement-piece, as shown in Fig. 2.5. 

To establish single-mode operation, the gain has to be lowered andfor 
the losses increased to near-threshold operation. One can realize a decrease 
in gain by decreasing the discharge current (with limits set by noise 

irisdiaphragm adjustment 

2 2 m irrorhold er (porti y) 

3 mirror 

4 
3 

irisdiaptragm 

5 plastic ring 

4 6 plastic bellows 

7 laser tube (partly) 

8 rubber bands 

Fig. 2.5 Adjustable iris diaphragm. The ring and bellows form a flexible seal 
between mirror stand and discharge tube, protecting that part of the ray path 

which goes through air. 
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considerations as mentioned in the preceding section). The losses can be 
increased conveniently by inserting a diaphragm into the cavity (RIGROD 

1963). By decreasing the aperture, diffraction losses go up and the number 
of simultaneously oscillating modes is reduced. To this end a commerciaIly 
available iris diaphragm with maximum and minimum opening diameters 
12 and 0.75 mm is mounted within the dustcover assembly, against the 
stand holding the spherical mirror. The diaphragm is modified to make 
possible continuous adjustments from the outside. Diffraction loss caJcu­
lations for several mirror geometries and diaphragm openings have been 
given by T. Lr (1965). Li gives powerloss versus Fresnel number N. From 
his graphs for the near hemispherical configuration: 

N 2a (mm) loss (%) 
a2 

where N=-
ÄL 

4.0 5.6 3 
2a = diaphragm opening diameter 

2.0 4.0 7 
1.0 2.8 18 

L = mirror distance 

0.5 2.0 35 

From these figures, from the gain per meter of the 1.15 I-' laser line as 
given by BENNETT (1965), and from the length of the activa discharge 
column, it follows that the diaphragm opening can be made sufficiently 
small to stop laser action completely; a single axial mode is then obtained 
by not going quite that far (see the installation procedure in section 2.4.2). 

The outputs from the two lasers which together form the essential 
part of the L.S.S. (see section 1.3.2), are made parallel and coincident 
with a beam splitting mirror placed at a 45° angle to both cavities (Fig. 1.6). 
This mirror is an optical flat similar to the ones used as cavity mirrors, 
and coated for equal reflexion and transmission of light of a wavelength 
Ä= 1.15 I-' that comes in at a 45° angle. The beam-splitter is mounted in 
a stand fitted with two fine rotational adjustments similar to the ones 
described previously. Because of the Brewster windowarrangement, the 
outputs of the two lasers are plane polarised. To ensure a maximum beat 
amplitude these planes of polarisation were made parallel (af ter the beam­
splitter) by matching the position of the two laser tubes. 

2.1.3. Insulation and heater tape 

In order to shield the instrument from short-term temperature fluctua­
tions, from air currents and falling rocks, the set-up was surrounded and 
covered by insulating material (Fig. 2.6). The two cavities and the beam­
splitter were surrounded by a double-walled L-shaped box, made from 
5 cm thick styrofoam plates, the outer and inner box were separated by 
a 10 cm thick layer of fiberglass wool. Similarly the cover consisted of a 
double layer of styrofoam and glass wool with in addition, a layer of 
heater tape. These tapes, sandwiched between sheets of aluminium foil 
form a heater blanket on top of the inner styrofoam cover and power 
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was supplied to them from a regulated Hne, using a variac for reduction. 
The purpose of the tape was to counteract air convection around the 
instrument caused by the laser discharge heat, by creating a stabie air 
temperature distribution. The amount of power dissipated in the tapes 
was some 5 W tatal. 

The empty space within the inner styrofoam box around the stands 
and tubes was filled with fiberglass wool, the purpose again: prevention 
or at least reduction of air convection. 

sideview 
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Fig. 2.6 The laser instrument was Burrounded by Beveral layers of insulating 
material. 
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Removal of the insulating cover once the tubes had been started, would 
change the therm al equilibrium situation and cause a pronounced drifting 
of the beat frequency. To avoid this each tube was fitted with a tesla 
coil which could be actuated by remote control to restart the tube in case 
the discharge stopped accidentally e.g. owing to a power line failure. 

2.2. DISCHARGE CONSIDERATIONS 

The He-Ne discharge providing the pumping energy for laser action 
may be either R.F. or D.e. excited. With R.F. excitation a noise free 
dis charge is easily obtained (BELLISIO et al. 1964); also, because the 
electrodes are extern al the tube is entirely without metal parts, therefore 
of simple design and easy to clean. However, with this kind of dis charge , 
tube lifetime is restricted owing to loss of helium, which is driven out 
of the tube by the high potentials under the external electrodes (LENGYEL 
1966, TURNER et al. 1964). D.e. dis charges do not show this behaviour 
and furthermore allow better power regulation. Finally the use of an 
R.F. transmitter would be dangerous near mine blasting operations. D.e. 
operation requires internal electrodes ; since cold cathodes will cause gas 
clean-up by sputtering, which will restrict tube life, a heated cathode 
was chosen, in spite of the added power consumption and complexity 
(see, however, HOCHULI et al. 1967 and the suggestions in chapter lIl). 

The cathodes used were directly heated 2.5 W oxide cathodes with 
25 mA maximum rated discharge current and 950° e color temperature. 
Filament current was supplied by Harrison constant current power 
supplies. 

The D.e. discharge current was provided by current-regulated high 
voltage supplies, one for each laser (Fig. 2.7). High voltage delivered to 
the regulator input was 4000 V, 12 mA. The sensing resistor Rl, and 
reference resistors R 2 and R4 were General Radio precision resistors with 
temperature coefficients 0.001 % per oe, R3 is a high quality potentio­
meter (0.002 % per Oe). The stability of the reference voltage tube 5651 
was listed as 0.1 %, and it is this figure that determined the regulator 
performance: the discharge current was stabilized to a figure between 
0.07 and 0.2 %, depending on the setting of R3. The value of the discharge 
current could be changed continuously by varying R3, or in steps by 
changing the plug-in sensor Rl. The laser tube with a 50 kil series resistor 
was connected to the regulator output. Regulator and other electronica 
were placed in a control room, 160 meters away from the laser tubes, 
and connections were arranged by coaxial cabie. To prevent parasitic 
oscillations, the series resistor to anode connection had to be kept short. 

2.3. DETEcTION AND SIGNAL HANDLING 

2.3.1. Detection 

For detection of the beat frequency between the two lasers a square-Iaw 
detector was used, as was mentioned in section 1.3.2. The choice of photo 
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detector depended on wavelength and power of the laser radiation and 
on the required signal bandwidth. With both lasers tuned to a single 
axial mode, the radiation power available for detection was quite low: 
0.005 m W tota!. Because of expected beat frequency variations, the 
detector and amplifier bandwidth should be several tens of MHz. This 
combination of large bandwidth and low power pointed to the use of a 
photomultiplier tube because suitable solid state IR detectors were not 
available at the time. 

The photomultiplier (P.M.) used, was a 7102 RCA lO-stage tube with 
a maximum rated anode current of lO fJA. The 8-1 type cathode had a 
quantum efficiency 1] ~ 7 X lO-5 for Ä = 1.15 1'. Since 1] is very much larger 
for shorter wavelengths (up to 1] ~ 0.04 for Ä = 0.7 1') it is very important 
to prevent such radiation from reaching the photo cathode; the use of 
an optical band-pass filter was therefore necessary. When Kodak 88A 
and Corning 7-57 infrared transmitting filters were used, still some 40 % 
of the PM anode current was due to non-coherent radiation, which in­
creases PM shotnoise without contributing to the signa!. It was possible 
to block this undesired radiation entirely with a Perkin-Elmer narrow 
band filter (80 % transmission at Ä= 1.15 1', halfwidth 0.02 1') combined 
with a set of iris-diaphragms. The PM voltage divider arrangement and 
signal pick-off was standard circuitry. Both the VHF beat frequency and 
the PM anode current were recorded continuously, the latter to provide 
a check on laser- and P.M. performance. By adjusting the P.M. supply 
voltage, the anode current was set around 6 fJA. Some 6 % of this was 
dark current, the rest was due to the radiation from both lasers, the 
contributions of which were not necessarily equal due to tube differences 
and beam-splitter asymmetry. Assuming that, upon reaching the photo­
multiplier, the laser outputs consist of plane waves with nearly the same 
frequencies WI and W2: EI = A I e,w11 and E 2 = A 2 e""- I, the photo current, 
which is proportional to light intensity Le. to electric field amplitude 
squared, is given by the following expression (see e.g. Alkemade en 
Bolwijn, 1966): 

i(t) = ~" IEl +E212= 2~" [A~+A~+2AIA2 cos (WI- W2)t]= 

with: 1] = quantum efficiency 

e = electron charge 
A2 

PI 2= ~ =radiation power. . 2 

(2.1) 

The fust two terms in the right-hand side of equation 2.1 are the DC 
. 1]e 

photo currents due to the two lasers separately '1.2= }w Pl.2' the time-
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dependent term is the beat signal: 

The beat amplitude may be expressed in terms of the De photocurrents 

(2.2) 

The transition from photocurrent i to anode current 1 simply follows 
from multiplying by the P.M. current-amplification: 1 =G.i. Equation 2.2 
in terms of anode currents remains unchanged: 

1(WI-W2)max=2V11 • 1 2 , 

This expression gives an upper limit for the beat amplitude since differ­
ences in polarisation or angle of incidence of the two beams or incomplete 
superposition, will reduce 1 (WI-W2)max without effecting 1 1 or 1 2• The 
difference frequency signal at the VHF P.M.-output was typically a few 
hundred ",Vacross 50 ohm and at best 90 % of the optimum value from 
equation 2.2. 

2.3.2. Electronics and recording equipment 

The signal available at the P .M. VHF output is a sine wave with 
frequency varying between 0 and 150 MHz and several hundred ",V 
peak to peak amplitude. The handling of this signal was for the most 
part done with standard electronic equipment, indicated on the block 
diagram given in Fig. 2.8. Everything outside the dashed line was located 
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Fig. 2.8 Bloek diagram of the laser strain seismometer. Everything outside the 
dashed line is approximately 160 m removed from the lasers. 
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in a control room some 160 meters away from the lasers. The signal 
handling was as follows: The VHF P.M. signal was amplified by a factor 
104, using two 40 dB aewlett Packard 461 A amplifiers, the fust one 
situated near the laser instrument, the second one in the con trol room 
connected by 160 meters of 50 ohm coaxial cabie. The signal was then 
counted by a Hewlett Packard 50 MHz electronic counter, set at a few 
seconds sampling time. Although in routine operation one would prefer 
to keep the signal in digital form, in this experimental situation it was 
advantageous to convert the digital counter output into an analog voltage, 
which was displayed on several recorders running at different speeds. 
With this set-up it was possible to count laser beat-frequency reliably 
within the frequency band 2-40 MHz. The counter reliability was easily 
verified by monitoring the signaion a spectrum analyser. 

Because of the limited dynamic range of analog recorders it was im­
possible to display more than three digits at a time. Usually these three 
were chosen such as to make full scale recorder deflection equal to 10 MHz 
frequency variation. See e.g. Fig. 4.6. The signal was recorded on a Varian 
G-I0 recorder running at 4 inches per hour, the same speed as have the 
Benioff quartztube strainmeter tidal outputs. This record served mainly 
for observation of longterm stability and tides. Parallel to this tidal output 
ran a two-channel Brush recorder, usually at 0.5 mmfsec. with on one 
channel: beat frequency, on the other: photomultiplier anode current 
or any variabie whose effect on the signal is of interest, such as e.g. air 
temperature, barometric pressure, rectified line voltage etc. Besides, a 
helicorder was sometimes used in combination with high pass filtering. 
Hour or minute marks were obtained in the usual way from time switches 
in an electronic chronometer. The spectrum analyser (Singer Metrics 
SPA 4) appeared to be an indispensable tooI all along, giving information 
on frequency, amplitude, quality of the signal, on the number of simul­
taneously oscillating modes, on counter reliability. Beat frequency band­
width measurements were limited to the spectrum analyser's maximum 
resolution of 10 kHz. 

2.4. INSTALLATION AND OPERATION OF L.S.S. 

With the exception of initial preparations and same instrument-modifi­
cation trials, carried out at the laboratory, the experiments and recordings 
were performed in an underground seismic observatory. 

2.4.1. The Ogdensburg observatory 

The observatory (41 0 05' 15"N; 740 35' 45"W) is situated in Ogdensburg 
N.J. at a depth of 560 meters in an inactive part of the Sterling hilI mine, 
owned by the New Jersey Zinc Company. The mine-drifts housing the 
observatory are driven in the precambrian Franklin formation, a compe­
tent calcite marbie. This station has been extensively described by M. W. 
MAJOR et al. (1964). The present description will therefore be brief, and 
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mainly limited to some recent changes. As can be seen on the map given 
in Fig. 2.9, the observatory's entrance and only exit to the surface is 
from the west. This entrance can be closed by a set of two ships doors, 
seated on rubber and mounted in airtight concrete bulkheads. The space 
behind these doors is divided in two sections: arecording and an instrument 
section, separated by another set of pressure doors. Part of the recording 
section is a darlcroom for photographic registration, the remainder is 
operating room with ink recorders, clocks, test equipment, machineshop 
etc. The instrument section contains amongst other things the World-Wide 
Standardized Seismograph Network instruments, other long- and short 
period pendulums, three horizontal and one vertical quartz tube strain­
meters and several experimental set-ups. By closing the airtight doors 
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Fig. 2.9 Map of the Ogdensburg underground observatory. The laser instrument 
was located in the raise area. 
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the instruments are sealed against short-period air pressure and temper­
ature variations, occurring in the operating room, mainly owing to venti­
lation with compressed air and to changes in power consumption. In 
Fig. 2.10 simultaneous records of microbarographs in operating- and 
instrument room illustrate the effect of the pressure seal. The seal is 
obviously not tight, it rather acts as a low pass filter. The leak caused 
by water drain from the observatory to the drift west of the entrance 
was sealed with a solenoidvalve and sump pump. This helped to increase 
the leak time-constant from 45 minutes to the present value of 2 hours. 
Especially for tidal observations it will be advantageous to increase this 
time-constant to at least 12 hours. An improved construction of the con­
crete bulkheads is planned for this purpose. 

t 
10mbar 

~ 

+2~ 

oct 25.19615 
1640 GMT 

J 

Microbarograph recordings 
., In Iront ol pre...... door. 

*2 behlnd pre.",re door. 
a. b doors have been opened momentarily 

eet 30.1966 
0035 GMT 

------------~ 
Fig. 2.10 Variations in the barometric pressure during one week. Record nr. 2 

shows the effect of the pressure doors which close off the instrument section. 

2.4.2. Installation procedures and routine operation. 

During the period that the records shown in chapter IV were made, 
the instrument was situated in the raise area at the end of tuberoom B 
(see Fig. 2.9). The Hoor of the raise area consists of a layer of concrete 
poured on the rock; at the site of the lasers, this layer is 0.5 meter thick. 
The mirror holders were fastened to the Hoor with 25 mm long lead 
expansion anchors, put into the concrete along lines that run roughly NS 
and EW. By means of an alignment telescope, the mirror holders were 
then positioned in such a way that their centers all line up along the 
telescope axis. With the telescope as an autocollimator, the mirrors were 
then adjusted to a position normal to this axis within 0.1 minute of arc. 
The beam-splitter of course took care of the 900 difference between the 
two cavities. A check on the orientation, using mine surveyer marks gave 
the following cavity directions : 

azimuth cavity 1 
cavity 2 

± 30' 
± 30' 

These orientations together with directional sensitivity patterns for 
longitudinal and transverse apparent waves are given in Fig. 2.11. It can 
be seen that the instrument has maximum sensitivity for longitudinal 
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waves coming in from azimuths N 840 E, N 1740 E, N 2640 E and N 3540 E 
and for transverse waves coming in from azimuths N 390 E, N 1290 E, 
N 2190 E and N 3090 E. Now laser tubes and diaphragms were put in 
position and centered by telescope. Any dust that might have settled 
on mirrors and Brewster windows was blown off with low pressure dry 
nitrogen and the dust-cover assemblies were put into place. At this point 
the tubes were started and the current set within the quiet range, as 
disoussed in section 2.1.1. Laser action was observed with an infra red 
image converter. Some mirroradjustment was usually neoessary to maxi­
mize the laser outputs. The near-field pattern as observed in the LR. 
converter was a bright, roughly circular, pattern with spatial variations 
in intensity: apparently a combination of different modes was oscillating 
simultaneously. By slowly decreasing the diaphragm aperture, the mode 
pattern became simpier, losing intensity at the same time. Finally the 
pattern assumed an axially symmetrie, approximately gaussian intensity 
distribution, as is characteristic for TEMooq modes. Both lasers were 
adjusted in this fashion while at the same time mirrors, diaphragms and 
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Fig. 2.11 Directional sensitivity pattern of the laser strain instrument for longi­
tudinal and transverse waves. 
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beam-splitter were readjusted if necessary to keep both outputs parallel 
and coincident. 

By now the P.M. output would produce beatsignais, which then served 
as a sensitive indicator for further fine adjustments. While the spectrum 
analyser was monitored, the cavities were tuned back and forth several 
times over their axial mode spacing and the iris diaphragms were reduced 
until the selfbeats at 150 MHz were absent during most of the time. 
By closing the diaphragm openings to 2.5 or 3 mm diameter, the single 
mode-double mode ratio - defined as the ratio of the lengths of time the 
laser oscillates in a single axial mode and in two axial modes respectively, 
when the cavity length is being changed at a constant rate - was set 
roughly between 2 : 1 and 3 : 1. A "vernier" adjustment was later possible 
by slightly changing the discharge current. The P.M. high voltage was 
adjusted for a total photocurrent around 6 p,A (see section 2.3.1). At 
this point the insulation cover and heater tapes were installed and the 
instrument was allowed to reach thermal equilibrium, which took several 
days. Both tubes were then tuned near atomie linecenter and were off-set 
with respect to each other to produce a beat-frequency within the counting 
range: say 10 MHz. This difference frequency was then recorded continu­
ously as described in section 2.3.2. 

Because of seismie signais, tides and drift the beat-frequency will 
change with time. Because the lasers were free-running, drifts acting 
equally on both cancel out: the signal was only effected by drift differences. 
However, as both cavities drift away from linecenter, the beat amplitude 
will decrease and finally two axial modes will appear in one or both tubes, 
resulting in a reduced signal to noise ratio and faulty counter operation. 

Usually the drift rate was such as to cause a need for resetting once 
every 2 or 3 days. This was done conveniently by actuating the mirror­
stand motors for a few seconds. To cancel out the effect of heating up 
of the mÏrror-stands during this adjustment, the motors were always run 
simultaneously: in opposite directions to change beat frequency, in the 
same direction to change beat amplitude. On the average the motors 
should be actuated equally long in both directions, otherwise cavity 
alignment will eventually be affected. 



CHAPTER III 

NOISE; INSTRUMENTAL AND ENVIRONMENTAL EFFE CTS 

ON L.S.S. PERFORMANCE 

In this chapter an account is given of the influence that several nome 
sources, nonlinearities and measuring errors have on instrument per­
formance. An estimate of the useful sensitivity is given and the chapter 
ends with some suggestions for further improvement. As was explained 
in chapter I, the LSS is essentially described by the equation 

d" dL 
T (3.1) 

Apparently seismic strain is found by measuring laser frequency shift. 
Now, besides these seismic and tidal signals, the laser frequency may be 
changed by a number of other effects, both caused by the instrument 
itself and by the environment. 

3.1. INsTRUMENTAL EFFE CTS 

Before evaluating the noise caused by the instrument the validity itself 
of equation (3.1) should be questioned since it is the result of two simpli­
fications: 

1. By ignoring the effect of the active medium the laser frequency was 
assumed to coincide with a cavity resonance. 

2. The effective di stance over which strain is measured was taken equal 
to the mirror separation. 

These points are treated in the next two sections. 

3.1.1. The active medium, mode pulling and pushing 

To account for the effect of the amplifying medium on oscillation 
frequency a linear mode-pulling term was introduced in chapter I, re­
sulting in equation (1.12). To check whether this linear approximation 
is justified, non-linear effe cts will now be evaluated that follow from a 
more general description based on Lamb's theory (Lamb 1964). With 
his notation the single mode oscillation frequency may be written as 
follows: 

(3.2) 
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with 

where 
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.A =!(fI/Q)1]Zr(t)-w)/Z~(O) (3.3) 

B = !(fI/Q){1]Zt(.Q - w)/Z,(O) -I} ·i'ab(.Q - W)/(2i'ab2 + (.0 - w)2) (3.4) 

fI = oscillation frequency ! 
.Q=cavity resonance frequency in circular frequencies 
w = atomic line-center frequency 
Q=interferometer quality (see equation 1.6) 

i'ab=natural linewidth 
K u = DoppIer linewidth parameter related to the fuIl DoppIer 

linewidth LJflD by: 

Ku 
2n = O.6L1f1D 

1] = relative excitation above threshold, defined as 1] = N / N T, 

where N is the excitation density: the excess density of 
active atoms in the absence of oscillation ; NT is the exci­
tation density needed to reach the oscillation threshold when 
the cavity is tuned at atomie line-center .0 = w. 

Zr and Z~ are the real and imaginary parts of a complex function 

iC 
Z(C) = 2i S exp [ - (t2 + C2)]dt (3.5) 

-00 

with 
C = x+iy 

.0 - w i'ab 
x=--' y=-Ku' Ku' 

Tabulated values of this function Z(C) can be found in the literature 
(FADDEYEVA and TERENT'EV 1961). In equation (3.2), A and B describe 
modepulling and -pushing respectively, both terms are non linear functions 
of cavity detuning and especially the latter is power dependent. 

Near threshold of oscillation B ~ A and if also x ~ 1 and y ~ 1, the 
puIling term becomes approximately linear and reduces to equation (1.9): 

LJflC 
A --- fI - .0 --- (w - .0) -

- - LJflD 

we rewrite (3.3) and (3.4) somewhat: 

(3.6) 

(3.7) 

(3.8) 
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The relative excitation "l, expressed in terms of Z is: 

"l=Z,(O, y)/Z, ((DiuW)T' y) 

[(~) ]2 
"l~e Kv T if Y ~ 1 as is usually the case. 
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(3.9) 

(3.10) 

The threshold detuning (D-W)T in a particular experimental situation, 
may be found directly by observing the frequency value at which a 
certain beatnote drops out on the spectrum analyser, while beating two 
lasers, one of which is being detuned to the left and right of the line­
center. 

It mayalso be derived from the behaviour of the self beat of one laser 
that is being detuned: one may write 

(
D-W) r+2 c 
2n T =!. r+l . 2L' 

where r is the single mode/double mode ratio, defined in section 2.4.2. 
From our measurements, the threshold detuning was found to be 

(
D-W) 2n T =100± 5 MHz. 

Substitution of this value in eq. 3.9, together with suitable values for 
atomic- and Doppier linewidth parameters y and K u, and use of the 
tables of Faddeyeva and Terent'ev results in a relative excitation "l = 1.04 

Ku 
for y=O.l and 2n =480 MHz (BENNETT 1965, BOLWIJN 1967). Next from 

3.7 and 3.8, pulling and pushing is calculated as a function of cavity 

detuning and plotted in Fig. 3.1. In this figure negative values for Vvi: 
of course represent frequency pulling, positive values represent pushing. 
Apparently at this low excitation level the pushing effect is small compared 
with pulling, while the latter comes fairly close to being linear. In Fig. 3.2 
the non-linear behaviour is magnified by plotting total frequency shift 
minus linear pulling. The curves of Fig. 3.1 and 3.2 apply to both lasers, 
each of them oscillating near its own unknown cavity resonance frequency: 
a point somewhere on the horizontal axis of Fig. 3.1 or 3.2. The difference 
frequency not corrected for mode pulling and pushing is then represented 
by the distance between those two points along the horizontal axis. 

Obviously, linear mode pulling is independent of the individual laser 
frequencies and is proportional to the beat frequency. This is not true 
for the non-linear pulling and pushing: Taking a fixed beat frequency, 
the non-linear frequency deviations as found from Fig. 3.2 clearly depend 
on the setting of the individual cavities. The deviation apparently is 
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highest, when the derivative of the eurve of Fig. 3.2 is maximum, i.e. 
when the lasers are offset to opposite sides of atomie line-eenter, and 
lowest when this derivative is minimum, that is, when the lasers are 
offset to opposite sides of a point (denoted by P in Fig. 3.2) some 60 MHz 
away from atomie line-eenter. Also from Fig. 3.1 it is elear that the non­
linear effeets tend to deerease the linear pulling. In order to evaluate the 
magnitude of these effeets it follows from eq. 3.7 and 3.8 that the value 

0 ·02 

-0·02 

-0·04 

v-fl 
V/a 

) -006 

-0·08 

-0·10 

-0·12 

___ ....... D-w 
Ku 

?('=104 

Fig. 3.1 The shift of the oscillation frequency v from the cavity resonance fre­
quency !J a.s a function of the frequency difference between the cavity resonance 
D and the atomic line center w, for different valties of the natural linewidth para-

meter YfJb/Ku. 
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ohlQ must be known. Using eq. 1.6 and realising that, in Lambs notation, 
v is expressed in circular frequency, one finds 

v 
Q =2nLlvc. (3.11) 

An estimate of the active cavity width is obtained as follows: When 
one of the lasers oscillates in two axial modes, its selfbeat-frequency is, 

16 
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12 
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"/0 nonlinear 
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'7('=104 

----i •• _ll_-_w_ 
Ku 

Fig. 3.2 The non-linear part of the oscillation frequency shift of Fig. 3.1, obtained 
by subtracting the effect of linear pulling. The y-scale is 10 times larger than in 

Fig. 3.1. 
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from measurement, approximately 148.5 MHz. From the known mirror 
distance L, the difference between cavity resonances is easily found: 

c 
2L = 150.20 MHz. 

If we substitute these values in eq. 3.6 and thus assume that pulling 
on the two modes is linear and independent, and take the Dopplerwidth 
LiVD= 800 MHz, we obtain an active cavity width Live ~ 9 MHz. With 
equation 1. 7, this value for Live leads to a cavity loss 1= 19 %. As a check 
this loss figure is determined independently in two other ways, apparently 
with consistent results: 

1. Since mirror transmission losses amount to 1 %, the loss must be due 
almost entirely to diffraction at the iris diaphragm. The diaphragm­
openings actually used were some 2! to 3 mm in diameter; according 
to the table in section 2.12, based on Li's calculations, the associated 
diffraction loss is found to be between 25 % and 16 %. 

2. If we operate close above threshold, gain and loss are approximately 
equal. Gain figures for the 1.15 f.l line and for similar tube parameters 
are listed as 12 % per meter by BENNETT (1965) and 13.8 % per meter 
by BALLIK (1964). Since the active discharge length is 70 cm the gain 
per roundtrip is 1.4 times the above figures, or 17 % and 19 % re­
spectively. 

Substituting Live, in equation 3.11 and using the value obtained for 
v/Q in combination with Fig. 3.1, one finds that strains calculated with 
eq. 3.1 are too low by roughly 1 % owing to linear pulling. The additional 
correction for non linear shifts is equal to the product of the uncorrected 
beatfrequency times the derivative of the curve of Fig. 3.2 taken at the 
appropriate position along the x-axis. Depending on this position (i.e. 
the amount of detuning of the two lasers), the non linear correction is 
found to vary between 0.4 % and 0.04 %, which being of opposite sign, 
has to be subtracted from the linear correction. 

Taken together, the total shift due to the presence of the active medium 
causes the measured beat frequency to be too low by an amount varying 
between 0.6 % and 1 %, depending on the (unknown) tuning of the 
cavities. 

3.1.2. Cavity length and effective mirror stand separation 

The mirror distance L has so far been identified with the distance, 
across which the strain is measured. The latter, which will be called L', 
is the distance between the mirror stands or more precisely: between 
their effective points of contact with the ground. From Fig. 2.4 it is 
obvious that L' is smaller than L. Sin ce each stand rests on three different 
points, the effective point of contact is located somewhere in between, 
and its choice somewhat arbitrarily leads to a value L' = 930 mm ± 50 mmo 
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Because of this difference between Land L', equation 3.1 should read: 

d'P dL' 
-:;=-y' (3.12) 

By substitution of L=a ·L' with a= 1.08 ± 0.05 in eq. 3.12, the actual 
strain is 

dL' 
T' -a· (3.13) 

Apparently, according to 3.13, the actual strain is 8 % ± 5 % higher 
than is indicated by the measured relative frequencyshift. It seems 
reasonable to expect that this error can be reduced to 1 % or 2 % by a 
more careful mirror stand design. 

A possible souree of instrumental noise related to the mirror separation 
which was not observed but which may become important as the effects 
of other sourees of instability are being reduced, may be the fluctuations 
in the position of the average mirror surface as seen by the wavefront. 

1. Partly these fluctuations will arise from movements of small parti­
cles for instanee molecules of the coating material over the mirror, thus 
changing the topography of the mirror surface on an atomie scale. 

Since molecular dimensions are of the order of 1 A, the effect of these 
movements will be vastly reduced by the averaging done by the wave­
front, which extends over thousands of Angstroms. However, a stability 
of 10-12 implies for a 1 meter long cavity, that the position of the averaged 
mirror surface be constant to within 0.01 A. 

Apparently this is no problem for short periods of time since stabilities 
of 10-13 during several seconds have been reported (JASEJA et al. (1964), 
BOERseH et al. (1967)). Whether the above mentioned fluctuations will 
be a limiting factor in the ultimately realisable stability over longer 
periods is not known. The long term instabilities of the LSS that were 
observed, can be explained as caused by slow variations of several en­
vironmental parameters, all of which can be considerably reduced as is 
explained in the following sections. 

2. A second souree of fluctuations are the thermal vibrations of the 
mirror holders and theoretically also of the rock sample on which the 
instrument is mounted. 

The fractional change in frequency caused by the fundamental mode 
thermal vibrations is given by 

where 

d'P =V2kT 
'P E. V. 

k = Boltzmann's constant 

T = absolute temperature ! 
E = modulus of elasticity 
V=volume 

of vibrating body 
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Substituting appropriate values 
E(aluminum) = 6.6 x 109 kg/m2, V(mirrormount) ~ 380 cma results In 

dv ~ 6 X lO-14 for the mirrormount. 
v 
For the rock sample this figure will be considerably smaller, because of 
the much larger volume of material. 

3.1.3. Discharge current variations 

Variations in discharge current effect the laser frequency in three ways: 

1. The accompanying change in heat dissipation will cause thermal varia­
tions ofthe instrument's dimensions, thereby changing the cavity length. 

2. Since the index of refraction of air depends on temperature, the optical 
cavity length will change when the temperature of the air between 
windows and mirrors changes. 

3. Changes in current effect the tube gain (Fig. 2.2), which causes a variation 
of frequency because of power dependent mode pulling and pushing. 

The fust effect was evaluated as follows: At some point during the 
experiment the discharge current in one laser was adjusted from 7.85 mA 
to 7.65 mA. This caused the beatfrequency to drift for over a day, the 
record showing a roughly exponential behaviour with a time-constant 
l' ~ 7 hours and around 160 MHz total frequency shift. 

It follows from this observation that a 1 % change in discharge current 
will cause a frequency shift of some 60 MHz. As was mentioned in section 
2.2, the discharge current in each laser is stabilized independently to 
0.2 % or better, which means that current variations with periods T> l' 
may cause at the worst frequency variations up to 24 MHz, equivalent 
with variations in strain of 8 x lO-8. Fortunately, the 7 hours time constant, 
which is caused by the instrument's thermal mass, acts as a low-pass 
filter such that faster current variations are attenuated by a factor TIT. 

If e.g. T = 4 min. then an apparent strainsignal L1v = 8 X lO-10 is produced. 
v 

The second effect, the influence of changes in refractive index of the 
air in the gaps between windows and mirrors, is of course included in 
the experimentally observed frequency shift due to a current variation, 
that was mentioned above. 

However, since the time constant involved is probably considerably 
less - several minutes instead of several hours -, the effect may be more 
prominent for short period current variations. Therefore a separate evalu­
ation is given : the dependence of the refractive index of air on temperature 
and pressure is as follows (Am. Inst. of Physics handbook 6-96): 

P 1 + 15~ 1 +{JT'P 
(nT,p-l)=(n1S,760- 1). 760' 1 + T~' 1 + {J15.760 

with n15,760-1=2.74 x 10-4 for A.=1.15 Il. 

(3.14) 
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T=temperature in °C. 
p = pressure in Torr 
lX = 0.003661 

fJT= (1.049-0.0157 T)1O-6 
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In this equation the last factor may be ignored since its effect, when 
compared with the remaining expression is 1000 and 300 times smaller 
for pressure- and temperature changes respectively: 

P 1 + 15lX 
(nT. p - 1) = (ni5. 760 - 1) . -76-0 . -=-l-+--=T:-lX (3.15) 

Differentiating with respect to Tand substituting p = 760 torr and 
T = 15° C yields: 

Lln 1 -6 JOC LlT::::::0.94x o· . 

The change in cavity length due to a change in n of course depends 
on the length 1 of the airgaps : 

N ow from 3.1, neglecting the minus sign: 

'IJ' Lln ·l· 
LI'IJ= L 

LI'IJ 1 Lln 
LlT ='IJ' L' LlT' 

(3.16) 

Substitution of 1=28 mm and of appropriate values for the other vari­
ables, results in 

1; = 6.5 MHzrC (3.17) 

The temperature variation in the airgaps is not known from measurement. 
One may, however, evaluate its effect as follows: 

Suppose the temperature in the airgaps is 10° C higher than the en­
vironmental temperature of the instrument. This difference will be caused 
by the powerdissipation of the discharge. 

Discharge current variations with periods of at least several minutes 
will change the airgap temperature and consequently cause beat frequency 
variations. 

The experimentally observed beatfrequency noise usually has periods 
of several minutes and peak to peak amplitudes (see Fig. 3.4) of some 
50 kHz. From eq. 3.17 this figure corresponds with a variation in airgap 
temperature of T :::::: 0.008° C. This value of T, in turn points to a variation 
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of 0.08 % in the power dissipation of the discharge, which means dis charge 
current changes of 0.04 %. These may indeed be expected from variations 
of the reference voltage, which can produce current changes up to 0.2 % 
(see section 2.2). Improvement of the discharge current stability therefore 
seems of considerable importance to reduce the long period noise level. 
For short period current variations (periods typically less than I minute) 
the same reasoning will hold but the effects will be attenuated because 
the instrument's thermal mass will act as a low pass filter. 

The third effect is apparent from equations 3.2-3.4, in which the relative 
excitation depends on discharge current : "1(1) . The variation of "I with 
current was experimentally determined by observing the change in 
threshold detuning, following a change in current. By means of the ap­
proximate expression 3.10, the dependence of "I on current was found 
to be 

L1TJ 
L1 J R:I 0.02jmA. 

Oonsidering that the DO discharge current J ~ 6 mA, that the current 
stability is 0.2 %, and that the relative excitation "I is 1.04, one may 
expect variations in "lof 0.0002 due to changes in J. According to eq. 3.7, 
modepulling is directly proportional to "I, while from eq. 3.8 it follows 
that since Z,(x, y)jZ,(O, y) <: I, modepushing is approximately proportional 
to ("I -I). A change in "I of 0.0002 owing to current variations means a 
change in ("I-I) of 0.5 %. The uncertainty in the beat frequency due to 
modepushing was found to be 0.4 % in section 3.1.1. The effect of a 0.5 % 
variation in ("I -I) therefore amounts to an additional 0.002 %, uncer­
tainty which may obviously be ignored. The same is true for the effect 
of L1TJ on modepulling which is even smaller. 

3.1.4. Air convection around the instrument 

When the LSS is installed in a normallaboratory environment without 
any protective cover, the noise level and drift rate will be so high as to 
drown any (tele)seismic signais: fluctuations of several MHz over a few 
minutes are superimposed on a drift, which in a non airconditioned room 
may be several tens to more than 150 MHz per hour, depending on weather 
conditions. The fluctuations can be substantially decreased by installing 
protective covers around the ends of the tubes (no. 6 in Fig. 2.5), thus 
reducing air convection between Brewster windows and mirrors. In ad­
dition a styrofoam box, (Fig. 2.6) covering the entire instrument, will 
filter out fast temperature changes and reduce acoustical noise due to 
for instance running equipment and talking people. Of course the drift 
due to slow temperature changes remains the same. The combined effect 
of both types of shielding is apparent in Fig. 3.3 which shows two record 
samples of I hour duration and 50 MHz full scale recorder deflection. 
The samples were taken on different days, which explains the difference 
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in therm al drift rate. The short-term improvement is considerable: 
frequency variations are reduced by a factor of 6 to less than 0.5 MHz 
peak to peak. Fig. 3.3.2. illustrates quite clearly the limited frequency 
range acceptable to the counter. Apparently the meaningful counting 
range extends from 2 to 40 MHz .This subject is dealt with in section 3.1.6. 

By moving the LSS to the underground observatory, the drift caused 
by the daily temperature changes disappears and a record such as pre­
sented in Fig. 3.4.1 is the result. The records of Fig. 3.3.2 and Fig. 3.4.1 
have roughly the same short-period noise level although this is somewhat 
hard to see because of the differences in paper speed and sensitivity, 
which are a factor 8 and 40 respectively. The noise in record 3.4.1 has 
periods of predominantly around 1 minute, and to check whether this 
was still caused by air convection, we filled the empty space around the 
instrument within the boxcover with pieces of styrofoam. This turned 
out to improve the noise level as is apparent from record 3.4.2. Also the 
noise-period decreased, caused perhaps by the smaller size of possible 
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Fig. 3.3 An early recording of one hour duration of the laser strain seismometer 
output. The instrument was then operating in a normal laboratory environment. 
Shielding of the instrument improves the short period noise level. The records were 
taken on different days, which explains the difference in thermal drift. The electronics 
were such that beat.frequencies in the range 2-40 MHz were reliably counted. 
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convection ceUs. To further improve on instrument noise a stabie air 
temperature distribution around the laser tubes was created by adding 
a top layer of heater tape, as is described in section 2.1.3. The resulting 
improvement is demonstrated by the third test record in Fig. 3.4. InitiaUy 
a 12 mm wide ribbon type heater tape was used, this was subsequently 
replaced by a 60 mm one, thus creating a much more even temperature 
distribution. This modification plus some other improvements - notably 
the removal of nearly aU electronic equipment from the vicinity of the 
instrument - again resulted in a lower noise level as is shown by the 
recordsamples 3.4.4 and 3.4.5. These records were taken during a micro­
seism storm and on a fairly quiet day respectively, which explains the 
difference in 5-6 second-period noise. The 100-300 second noise level is 
approximately the same in both records and has amplitudes around 
20 kHz which amounts to 8 x 10-11 strain. 

-'- -10 
100 Kets =4.2X10 STRAIN 

T 

I I I 
TIME (1 MINUTE/DIV) 

Fig. 3.4 10 Minute record samples to illustrate the noise level reduction in suc­
cessive stages of the instrument's development. 
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3.1.5. Heat from motor drives 

As was mentioned in section 2.4.2 the heat, produced when running 
the mirror-stand motors will also cause the beat frequency to change. 
No permanent offset is produced, however, and the effect is noticable 
only when the cavities are tuned over several tens of MHz. By running 
both motors simultaneously, the effect is removed because the thermal 
expansion taking place in both cavities is equal and cancels out in the 
difference frequency. 

3.1.6. Photomultiplier- and amplifier noise 

The noise made by photomultiplier and amplifier will bring about 
fluctuations in signal amplitude, not frequency. It is therefore of interest 
only in so far as it will interfere with frequency counting. With the iris 
diaphragms adjusted as described in section 2.4.2 for a single mode/double 
mode ratio of 2t : 1, the fraction of the output power of the two lasers, 
hitting the photomultiplier cathode was measured to be 1.8 and 3.3 I" W 
± 30 %. With this power co ming in, the P.M. dark current amounted 
to some 6 % of the photo current. In order to maximize the ratio of signal 
to the noise of the fust amplifier, the P.M. high voltage is adjusted for 
a photo current as high as is compatible with the tube's maximum ratings. 
In this way the amplifier noise voltage is less than 10 % of the signal. 
When we monitored the signal on a wideband 50 MHz oscilloscope, the 
best possible overall signal to noise ratio that could be obtained was 
S/N ~ 3. 

According to ALKEMADE and BOLWIJN (1966), the S/N to be expected 
due to shotnoise in the P.M. cathode is given by 

(3.18) * 

where B = amplifier bandwidth 
P I •2 =power from laser 1,2 hitting the photo cathode. 

Substitution in equation 3.18 of appropriate values: 

1] = 8.4 X 10-5, 

P I = 1.81" W, P 2 =3.31" W, B=50 MHz, and increasing the value of (PI +P2) 

by 6 % so as to take care of the dark current, will result in a signal to 
noise ratio S/N = 3.3 ± 0.7. The error is caused by estimated uncertainties 
of 30 % in Pand 1]. Comparing the observed S/N with what is to be 
expected from shot noise alone, there does not appear to be any other 
appreciable noise source such as excess noise from laser or discharge. 

*) The square root, which is absent in the reference. is added to get SIN ex­
pressed in voltage. 
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With this BIN ~ 3 it has been possible to count frequencies reliably 
up to 40 MHz, as is iIlustrated quite clearly in Fig. 3.2.2: with time 
increasing from left to right the beat frequency was drifting downwards 
from above 50 MHz and was not being counted correctly. As the frequency 
decreased the counter started picking up and the signal was counted 
properly from around 40 MHz downwards. As the signal approached zero 
frequency, the counter, because of the low cutoff frequency of the P.M. 
output circuit, started acting erratic on higher frequency noise. The result 
was areliabIe counting range extending from 2-40 MHz. Sin ce the beat 
drifted through zero and up again, this range was displayed twice in 
Fig. 3.3.2. 

If a laser drifts too far from atomic line-center, another axial mode 
starts to oscillate and thus part of the emitted laser radiation will not 
contribute to the signal while it does supply shot noise. The BIN ratio 
then goes down, which reduces the counting range. The same thing happens 
when the two beams are not completely parallel and/or coincident. This 
could be observed during the installation : while the system was poorly 
aligned a signal to noise ratio BIN ~ 1.5 was observed; the counting range 
then was reduced to some 25 MHz. 

3.2. ENVIRONMENTAL NOISE 

Disturbing effe cts caused by the environment are of both natural and 
human origin. 

Meteorological changes do not penetrate to the depth at which the 
observatory is located. The one exception of course is barometric pressure, 
its direct and indirect effects on the LSS are described in the next two 
sections. 

The noise of human origin is caused mainly by mining operations and 
is described in section 3.2.3. 

3.2.1. Barometric pressure changes 

Comparing the records from two barographs, one located in the re­
cording room of the observatory and one at the surface, it is obvious 
that, disregarding a constant pressure difference due to the difference 
in altitude, the two records are very similar. Apparently the air pressure 
in the observatory closely follows the normal barometric pressure changes. 
In addition short period changes or jumps take place, caused by forced 
ventilation of the recording room with compressed air and by the mine's 
ventilation system itself, which is turned on and off twice a day, each 
time causing pressure steps of some 2 mbar. (see Fig. 2.10). As was 
mentioned in section 2.4.1, these short period pressure variations do not 
penetrate into the instrument section owing to the presence of two pressure 
doors which act as a low-pass filter with a time constant of roughly two 
hours (Fig. 2.10). 
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To evaluate the influence of barometric pressure changes on beat 
frequency its effect must of course be separated from that of other noise 
sources. Sin ce the pressure effect is almost instantaneous when compared 
with e.g. thermal variations, this is easy to realize: Usually a pressure 
step of a few mbar is caused just by opening the air-tight doors to the 
instrument section (Fig. 2.10). A larger pressure change may be created 
using the mine's compressed air system in combination with timely 
opening and closing of air-tight doors. In this way a 20 mbar step in 
pressure was obtained. Both methods gave the same frequency-pressure 
relation: 

~; = 0.3 ± 10% MHz/mbar~ 1 : 109 strain/mbar. 

The reason why the LSS should be sensitive to barometric pressure 
changes is that part of the optical path between the mirrors goes through 
air. The refractive index of air depends on pressure (equation 3.15) and 
therefore the optical cavity length changes with pressure. This is true 
for both cavities, however, and the effect should cancel in the difference 
frequency if only the air-gaps would have exactly the same length. Because 
of a difference in length of several mm between the laser tubes that were 
used at that time the residual pressure effect of 0.3 MHz/mbar is quite 
large. From this figure the actual airgap difference is easily found; differ­
entiating eq. (3.15) with respect to pressure: 

Lln 
LIp = 0.36 x 10-6/torr= 0.27 x 1O-6/mbar. 

The change in optical cavity length, caused by a change Lln in refractive 
index is LIL = Lln ·l, where 1 is the length difference between the airgaps 

in cavities I and Il. By means of the basic relation (3.1), the ratio i is 
found to be: 

(3.19) 

Substituting appropriate values gives 1 = 4.3 mmo This pressure effect 
may be reduced by a factor ten if tubes of equal length are used and if 
more care is taken during the lining out procedure to reduce air-gap 
differences. 

3.2.2. Ambient temperature changes 

The mine temperature at the 1850' level is some 17° C constant through­
out the year. In the recording section of the observatory the temperature 
is approximately 8° C higher due to the power dissipation of light bulbs 
and instruments. Varia ti ons in this temperature of around 1 ° C occur as 
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a result of ventilation with compressed air and changes in power dissi­
pation. 

Because of the changes in barometric pressure and the air leak of the 
pressure doors, some of this relatively warm air may be pushed into the 
instrument section, where the temperature again is around 17° C. This 
effect is clearly demonstrated by momentarily opening the second set of 
pressure doors. If the air pressure on the recording room side is lower, 
no heat transport into the instrument room takes place, only equalisation 
of pressure, resulting in a stepwise change of the beat frequency as de­
scribed in the previous section. If on the other hand the pressure in the 
recordingroom is higher, then not only will the laser signal show a shift 
owing to the pressure step, it will also start drifting because of the changing 
air temperature. The initial drift rate of the laser signal was observed 
to be roughly 0.5 MHz/hour for a pressure change of 1 mbar. 

17-85 

·e 

1 
airtempenrture In raise'area 

17-80 

17-75~ __________ ~ ____________ -L ____________ -L __________ ~ 

1200 0000 
NOV. 5.1966 

1200 

----... TIME 

0000 1200 

Fig. 3.5 Typical record sample of air temperature variations near the laser 
instrument. 

Since no sensitive thermometer was available at the time, the actual 
change in air temperature was not known. In a later stage a Dymec 
quartz thermometer became available *) and for one week a continuous 
record of air temperature was made (see Figs. 3.5 and 3.6). The long-term 
zero drift of this instrument is listed as better than ± 0.01° eper month. 
The thermometer sensor probe loosely packed in insulating material, was 
placed on the Boor of the raise area at a distance of about one meter from 
the LSS. The short-term temperature Buctuations shown in Fig. 3.5 are 
of no importance since they result from local air convection caused by 
the LSS and by the thermometer electronics. Temperature changes of 
soma 0.02° C occur within several hours and the maximum change in 
temperature over the week is soma 0.05° C. These figures are questionable, 

*) Courteay of Hewlett Packard Company. 
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however, and they can serve as an upper limit only, since on account of 
the limited time available no provision was made to exclude the effect 
of the heat dissipated by the thermometer electronics. This effect is be­
lieved to be responsible for the temperature variations with a few hour 
period, which appear in Fig. 3.6. In Fig. 3.6 the temperature record 
(the air convection fluctuations have been filtered out) is plotted together 
with air pressure and beat frequency. No temperature increase following 
a rise in barometric pressure is observed, although a fairly large pressure 
variation took place; the effect is apparently masked by changes in local 
probe temperature, which shows - in a somewhat suspicious coincidence­
a rise in temperature on nov 3 following a barometric pressure decrease. 

MC/S mbar 
1 beatfrequency MC/S 

2 air temperature ·C 

3 air pressure mbar 

980 

1000 

o 

...L 
4.2X108STRAIN 

TIME (lday/div.) 

·c 
1785 

1780 

1775 

Fig. 3.6 Continuolls recording over a period of one week of the laser strain seismo­
meter signal, showing semidiurnal tides of some 10-8 strain peak to peak. The 
curves labeled 2 and 3 are recordings of air temperature and preBBure around the 

instrument. 

3.2.3. Other effects MUSed by the environment 

As was described by MAJOR et al. (1964), because of its depth beneath 
the surface the observatory is weIl shielded from meteorological effects 
with the one exception of barometric pressure variations. The few re­
maining environmental factors influencing the LSS are therefore of human 
origin: 

The electric power used in the observatory was obtained from the mine'g 
power system. An AC regulator was used to suppress the large line fluctu­
ations. Because of the long thermal time constant of the LSS, the instru­
ment will be disturbed for many hours af ter linepower is restored following 
a temporary power shut-down. Although these shut-downs fortunately 
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occurred very infrequently, a more reliable operation of the LSS would 
be achieved if the discharge current supplies were battery-powered. Two 
more effe cts arizing from mining operations need to be mentioned: 

Drilling produces high frequency noise with periods of less than 0.1 sec. 
The laser beat frequency is of course F.M. modulated by this noise, as 
is obvious when the signal is monitored on a spectrum analyser. Since 
these high frequencies are uninteresting, they are averaged out by selecting 
a sufficiently long counter gate-time; a gate-time of one second is sufficient 
to completely suppress drilling noise. 

The second mining effect is due to blasting operations. Unlike drilling, 
which is of no importance, blasting is sometimes bothersome because some 
of the more violent explosions may permanently offset the signal to a 
frequency outside the counting range. This necessitates frequency-resetting 
which is not immediately possible if the explosion takes place at a time 
when the station is unattended. A device which in this case automatically 
resets the LSS would increase the instrument's reliability. 

3.3. EVALUATION OF PRESENT USEFUL SENSITIVITY 

In chapter I it has been mentioned that the inherent spectral purity 
of He-Ne gas lasers should make it possible to detect extremely small 
strains of the order of 10-11 to 10-12 . This of course requires, over the 
period range of interest, adequate suppression of-or shielding against­
the different sources of noise described earlier in this chapter. 

When evaluating the useful sensitivity that has been reached up to 
date it is convenient to make a distinction between 'seismic' and 'tidal' 
periods, that is between periods of the order of minutes and periods of 
the order of hours. 

3.3.1. Long-term stability 

The long-term stability may be inferred from Fig. 3.6 which shows the 
variation of the beat frequency for one week. The record begins af ter 
the instrument was allowed some time to recover from a modification 
that had upset its thermal equilibrium and the recording period ends 
forcefully because of a line power shut-down. In the second half of the 
week the barometric pressure changes more than 30 mbar; in the same 
time the beat frequency shows a pronounced drift of 1 MHz/hour which 
is roughly five times higher than the 5 MHz/day drift figure for the fust 
days of the record. According to section 3.2.1, the beat frequency varies 
with barometric pressure with 0.3 MHz/mbar. This is not enough to 
explain the beat frequency variation mentioned above, which amounts 
to roughly 1 MHz/mbar. It seems likely, however, that part of the re­
maining drift is caused by ambient temperature changes and thus indi­
rectly by the change in barometric pressure (section 3.2.2); part also 
must be due to a slow change in the discharge currents (section 3.1.3). 
The thermometer recording does not give much evidence one way or the 
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other since for reasons explained in 3.2.2, it is masked by its own inBuence 
on local temperature. 

In conclusion, the present long-term stability may be listed as follows: 
When no large barometric pressure variations take place, slow changes 

and drift amount to some 5 MHz ~ 2 x 10-8 strainjday; this is ten times 
less stabie than are the Ogdensburg quartz tube strainmeters. The above 
figure may increase to 10-7 strainjday on days when large pressure vari­
ations occur. 

3.3.2. Short period noiselevel 

The short-term or 'seismic' stability is determined mainly by noise 
of 2 to 5 minutes period. As can be seen on the record samples 4 and 5 
of Fig. 3.4, af ter averaging out the microseisms, peak to peak amplitudes 
are usually less than 40 kHz or 1.6 x 10-10 strain. Noise on the Ogdensburg 
quartz tube seismic outputs has about the same predominant periods and 
peak to peak amplitudes equivalent with some 9 x 10-11 strain. For 
seismic periods the LSS apparently approaches the quartz tube strain­
meters already to within a factor of two. 

The noise source that is believed to be mainly responsible is short­
term discharge current variations. These effect the optical cavity length 
as explained under point 2 of section 3.1.3. Another possible noise source 
may be residual air convection around the instrument. 

3.3.3. Suggestions for further improvement 

As has been mentioned at the beginning of chapter 11, this thesis de­
scribes an intermediate stage in the instrument's development. The 
preceding list of noise sources rather obviously suggests several measures 
that may be taken to improve both short-term noise level, long-term 
stability, as wen as reliability of operation. 

Short-term improvements are expected from: 

1. A better discharge current regulation. In the present situation, ac­
cording to the specifications of the voltage reference tube 5651 A, 
discharge current jumps of 0.2 % may occur arising from instantaneous 
voltage Buctuations across that tube. 

2. A different construction of the dust-cover assembly (see Fig. 2.5) 
between mirrors and Brewster windows. This can be redesigned in 
such a way that the radial diameter of the air-gaps is reduced from 
several cm to a few mmo This would result in a decrease of both 
amplitude and period of air convection within the optical path. 

Long-term stability is expected to improve by: 

1. Sealing off barometric pressure variations by a better construction 
of the concrete bulkheads in which the pressure doors are mounted. 
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2. Better discharge current regulation. The present regulator stability 
is 0.2 % while chopper-stabilised constant-current supplies can go 
down to 0.001 %. 

3. Using invar instead of aluminium for the construction of mirror 
mounts. Sin ce the expansion coefficients are 9 x 10-7 t 0 and 2.4 x 
1O-5t 0 respectively, thermal expansion of the cavity will be reduced 
more than 25 times. 

In conclusion, several possible alterations to improve the instruments 
reliability, ruggedness or ease of handling, are suggested: 

1. The addition of a self-resetting feature, to keep the beat frequency 
within the linear counting range (see also 3.2.3). 

2. Battery operation of the discharge current supplies, to prevent the 
long warm-up time af ter a line power break-down (see also 3.2.3). 

3. The use of cold instead of heated cathodes. Power dissipation is re­
duced, the need of a stabilised filament current supply is eliminated 
and the laser tube is simpier and more rugged. According to HocHuLI 
et al. (1967) the restriction of tube lifetime caused by sputtering can 
be overcome by using aluminium cathodes with the right surface 
treatment. 

4. The use of shorter tubes and cavities. Reducing the cavity length to 
50 cm for instance is attractive for several reasons : the axial mode 

separation increases to 2~ = 300 MHz. Keeping the relative excitation 

at the present value "7 = 1.04 by keeping threshold detuning at 
(.Q-W)T= 100 MHz, means that the lasers are always in single mode 
or not lasing at all. This has the advantage of a better SIN ratio and 
thus an increased linear counting range, because no extra P.M. shot­
noise can be generated by a second axial mode. Also, it becomes simpier 
to make an automatic resetting device since the amount of cavity 
detuning is indicated by the drop in DO laser output level. 

An additional advantage is the possibility of a trade-off between in­
creased signal power i.e. increased linear counting range and increased 
mode pulling and pushing effects. This is possible because "7 may rise 
to "7 = 1.09 before a second mode can possibly appear. Other important 
advantages of shorter lasers are: power dissipation is decreased; less high 
voltage is required for the discharge, which facilitates current stabiliser 
design; laser tubes are less fragile; the instrument becomes more portable 
and evacuation of the entire instrument becomes feasible if this would 
seem necessary at a later stage. 

In view of what was mentioned in section 3.1.2 about the uncertainty 
of L, it is of course necessary to scale down the mirror holders by the same 
factor. 
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The agreement between the LSS recordings and simultaneous records 
of the quartz tube strainmeters (see chapter IV) proves that a priori 
fears (V ALl 1968) of local strain differences disturbing the overall strain 
pattern are unjustified and gives confidence to try the size reduction 
mentioned above. Should, however, fluctuations of the average mirror 
surfaces, as were mentioned in section 3.1.2 become the limiting factor 
in the further reduction of long-term instabilities, then the use of shorter 
laser cavities would be undesirable since the noise caused by mirror 
fluctuations will be inversely proportional to the di stance between the 
mirrors. 

In conclusion, for a further improvement of useful sensitivity both 
long-term and short-term, the necessity may be stressed here of simul­
taneously recording the changes in several Ïnstrumental and ambient 
parameters together with the actual LSS signal. Parameters that seem 
to be worth monitoring, would be: air pressure, air temperature in 
instrument-room, temperature at different places underneath the LSS 
cover, rock temperature underneath the instrument, heater tapecurrent, 
DO discharge currents and DO laser outputs. 



CHAPTER IV 

RECORDINGS 

When a new type long-period seismic instrument is to be developed 
in a limited amount of time, a conflict of interests arises: On the one 
hand it is pref era bIe to allow the instrument to operate undisturbed for 
long periods of time, while on the other it is desirabIe to improve operation 
by making modifications which, of course, create disturbances. 

The emphasis has been mainly on the latter which shows up in a positive 
way, for instance in Fig. 3.4. The negative aspect results in the limited 
duration (one week) of the tidal record of section 4.1 and also in the drift 
apparent on some of the seismograms of section 4.2. The final section 
of this chapter gives an account of the LSS response to free oscillations. 

4.1. TIDAL OBSERVATIONS 

The tidal recordings of the three BLS-instruments and the corresponding 
LSS tidal recording cannot be compared as such since the fust three each 
give strain along a certain azimuthal direction, while the latter gives 
the difference between strains along two perpendicular azimuthal di­
rections. With carthesian coordinate axes x and y, which are parallel to 
the lasers, the horizontal strain e, in an arbitrary direction <5" can be 
expressed in terms of ezz, ellll and eZIl as follows: 

(4.1) 

Since BLS records for three different directions <5, are available (see 
Fig. 4.1), eq. 4.1 gives three linear equations for ezz , ellll and ezu. Conse­
quently an LSS tidal recording can be calculated from the three BLS 
recordings, using eLSS = ezz - eIlII. 

BLS-recorder displacements LI, are converted into strains as follows: 

nol 
e, = Z,-.A, 

where LI, - recorder displacement } . 
In mm 

L, - quartz tube length 
A, - amplification: recorder-displacementjtube-displacement 

The necessary orientation, length, and calibration figures are given in 
table 4.1. BLS 1, BLS 2 and BLS 3 stand for the horizontal Benioff linear 
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strainmeters oriented in the direction N 29° 30' E, N 48° 30' E and S 48° E 
respectively. 

Solving equations (4.1) results in 

eLSS= 
D 1-D2 

D 
with 

cos2 «51 sin2 «51 sin «51 cos «51 
cos2 «52 sin2 «52 sin «5 2 cos «52 
cos2 «53 sin2 «53 sin «53 cos «53 

el sin2 «51 sin «51 cos «51 
e2 sin2 «52 sin «52 cos «52 (4.3) 
e3 sin2 «53 sin «53 cos «53 

cos2 «51 el sin «51 cos «51 
cos2 «52 e2 sin «52 cos «52 
cos2 «53 e3 sin «53 cos «53 

Substitution of the appropriate values from table 4.1 results in 

eLSS= 7.74x 10-10 x 3.082Lh -8.85 x 10-10 X 3.064L1 2-4.64 X 10-10 X 0.018L13= 

23.86 x 1O-10L1 1-27.12 x 1O-10L1 2-O.08 x 1O-10L1 3. 

Clearly the LSS calculated strain is equal to roughly three times the 
difference between the strains recorded by the BLS 1 and 2 instruments, 
af ter weighing these with the appropriate calibration factors. The BLS 3 

N 

y 
N29'30'E 

__ ----~2u~~,X 

LASER:!: 

S48'E 

Fig. 4.1 Orientation of the three horizontal Benioff linear straÏnmeters and of 
the laser strain seismometer. All instruments are in the Ogdensburg underground 

observa.tory. 
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TABLE 4.1 

BlS orientation orientation tube length tube J recorder amplification ei/AI 
with respect displacernent dis placement 

(lAf
1 to LSS l(mm) (mm) (mm) A 

calibration 

1 N 29°30'E 35° 609.6x102 21.2x10- 4 
45 2.12x104 

7.74 x 10-10 

2 N4So30' E 54° 518.2X10
2 14.2x10-4 

31 2.18x10
4 885x10-1O 

3 S 48° E 137°30' 609.6 x 10
2 12.7x10 -4 .45 3.54><10

4 
4.64x10 

-10 

Orientation and calibration figures for the three horizontal Benioff linear strain­
meters from Ogdensburg. 

recording has very little influence. From (4.3) it can be easily verified 
that the coefficient of .1 3 will completely vanish when ~1=n/2-~2. This 
appears to be nearly so (see tab Ie 4.1), eXplaining the negligabie influence 
of the BLS 3 data in the calculated LSS recording. 

In Fig. 4.2 the tidal records of the laser- and the three quartztube 
instruments during the period oct 30-nov 5, 1966 are plotted; all are 
corrected for calibration differences to the same vertical scale: 1 division 
corresponds to a strain of 10-8 . Also plotted are two calculated (ezz-eyJl)­
curves; curve 5, using the calibration figures as given in table 4.1, curve 6, 

using a 25 % higher value of ~', for the N 48° 30' E quartz tube instrument. 

Although the LSS record is considerably affected by very long period 
noise, it is obvious that its general shape agrees quite weIl with the 
calculated curves: a succession of semidiurnal peaks and troughs of 
roughly equal amplitude; whereas the three BLS-instruments show a 
mixture of semidiurnal and diurnal tides. The calculated amplitudes of 
curve 5, however, are significantly higher than those observed (curve 4). 
From (4.3) it is clear that the calculated eLSS depends strongly upon the 
BLS calibration figures . This is illustrated by curve 6, which shows a 
much closer resemblance to the LSS record both in the times of successive 
peaks and troughs and in amplitude, and which has been obtained by 
taking a 25 % higher calibration figure for the N 48° 30' E instrument. 
From a comparison of different earthquake phases on LSS and BLS 
records (see section 4.2) it seems that the N 48° 30' E recorded strain 
amplitudes are indeed too small by some 20 or 25 percent. 

4.2. SEISMIC OBSERVATIONS 

In the following sections several earthquake records made by the LSS 
in the period july-november 1966 are shown and compared with BLS 
records of the same events. Emphasis will be on comparing the calibration 
of the different instruments. In table 4.2 the events are listed; origin­
times, epicentral coordinates, depth and surface wave magnitudes are 
as given by the USCGS. Distance and azimuth from Ogdensburg have 
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TABLE 4.2 

event reg ion epicentral date origin- depth distance azimuth Mag. 
coordinates time !rom OGO !rom OGO 

(h m s) (km) (degrees) (degrees) 

1 Aleutian Islands 50-6 N-171·3W 08·07-66 02·13·05 39 63 315 6 ·5 

2 Gul! ol Calilomia 31 ·8N-1145W 08-07·66 17·36·27 33 33 267 6 ·3 

3 Souther'n Nevada 37·4 N-114·2W 08·16 ·66 18·02·36 33 31 276 6-1 

4 011 coast ol Peru 10·7S-78·7W 17·10·66 21 ·41·56 38 52 185 7·5 

List of the four earthquakes of which laser strain seismogramB are shown. 

been calculated. The orientation of the instruments with respect to the 
earthquake epicenters is shown in Fig. 4.3, which also gives an indication 
of the relative sensitivities for longitudinal and transverse waves from 
the different events. These sensitivities are listed in table 4.3. 

The polarity of the LSS signal depends on whether o.f. I (optical fre­
quency of laser I) is larger or smaller than o.f. Il. During the recording 
period covered in this chapter care was taken to keep the instrument 
tuned such that o.f. I> o.f. Il. In this situation a relative elongation of 
cavity Il (N - S dilatation) causes the beatfrequency to increase. The 
signs in the top left diagram of Fig. 4.3 are given accordingly. 

If a given epicentral azimuth is such that a particular instrument is 
near a node in its response pattern for a certain type of wave, not only 
will the expected amplitudes for this wave type be smalI, they will also 
vary rapidly with azimuth. For both reasons amplitude comparisons will 
be unreliable. An example e.g. is the Love wave response of BLS 2 and 
BLS 3 for the fust event. 

Because of their smaller amplitudes for shallow shocks, body phases 
are less suitable for amplitude comparisons than are surf ace waves, S 
waves moreover are complicated because on account of the presence of 

TABLE 4.3 

~ 
1 2 3 4 

instrument long trans long trans long trans long trans 

LSS 0·19 0 ·98 1·00 0·09 0 ·92 0.39 0·93 0.36 

N 29°30'E 007 0·26 0.29 0·45 0 ·16 0 ·37 0·83 0·38 

N48°30'E .()()()oiI 0·06 061 0·49 0-46 0·50 0 ·53 0·50 

S48°E 1-00 0·05 0.50 0·50 0·65 0·48 0·36 0.48 

Relative response of the laser instrument and the three horizontal quartz tubes 
to longitudinal and transverse waves from the four earthquakes listed in table 4.2. 
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Fig, 4,3 Directional sensitivity patterns of the laser instrument and of the three 
horizontal quartz tube strainmeters for longitudinal and transverse waves. The 
directions towards the epicenters of the four earthquakes listed in table 4.2 are 
indicated and the relative sensitivities of the different instruments for seismic waves 

from these events are marked in a qualitative way. 



62 A LASER STRAIN SEISMOMETER 

SH and SV, both transverse and longitudinal motion is recorded, while 
in general the strain instrument will have different sensitivities for these 
types of motion. This also rules out most of the direct surface waves 
because of the mixture of Love- and Rayleigh motion. An exception are 
the first long period waves, which he ad the surface wavetrain, if these 
can be identified as Love waves. More useful for amplitude comparisons 
are the long period repetitions of Love- and Rayleigh waves which have 
circled the earth one or more times and which are weIl separated from 
each other owing to their different velocities. Only faidy large shocks, 
however, will generate these phases with sufficient amplitudes. 

4.2.1. Aleutian lslands Earthquake 

Records of the first event of table 4.2 are given in Figs. 4.4, 4.5 and 4.6. 
Fig. 4.4 shows the 4 inch/hour recordings of LSS and BLS 1, 2 and 3. 
Note that the sensitivities are all different. The BLS instruments also 
have an amplified and filtered output, which is recorded at 15 mm/min. 
The filter response which is shown in Fig. 4.7 is peaked at around T = 600 

LSS ~ N- Sdilatatien 

E + dilatatien 

15min 

ALEUTIAN ISLANDS 
AUG 7 ,1966 

Fig. 4.4 LSS and three horizontal BLS strain records of event nr. 1, recorded 
at 4 inches per hour. 
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sec. and cuts oft" tides as weIl as most of the microseisms. This illtered 
output of BLS 1 is shown in Fig. 4.5. The top recording of Fig. 4.6 gives 
the LSS strain seismogram, now recorded at 6 mm/min. From table 4.3 
it appears that the LSS is near its maximum response for Love waves, 
while of the three BLS instruments, only BLS 1 has a reasonable Love 
wave response. Consequently this event can be used to compare LSS 
with the N 29° 30' E quartz tube strainmeter, results of which are given 
in table 4.4. 

ALEUTIAN ISLANDS 08·07- 66· 

5 La 
I -~~~....-J\j"--r',/\.J\. NV\fIPJvJIjIt.. 

t02-30GMT N29°3o'E AMPLIFIED OUTPUT (1min/dili) 

Fig. 4.5 Part of the second record of Fig. 4.4 af ter amplification and filtering. 

4.2.2. Gullol Calilornia Earthquake 
Records of the Gulf of California earthquake, listed second in table 4.2 

are shown in Figs. 4.6 and 4.8. At approximately three hours before the 
earthquake the dis charge in one of the laser tubes had been oft" for roughly 
one minute; this disturbed the thermal equilibrium of the instrument as 
is evidenced by the 2 MHz/hour drift still existing at the time of the 
earthquake. The beat frequency at that time was soma 28 MHz; since 
peak to peak surface wave deflections of some 10 MHz occurred, the signal 
repeatedly reached values that were above 30 MHz. Consequently, since 
at 1 MHz/cm sensitivity the recorder is set for registration of 0.00-9.99 
MHz, it changed decades and part of the peaks at the bottom were cut 
oft" and written at the top of the paper. The 6 mm/min. recorder had 
sufficient paper speed and pen response for recovery of the original 
seismogram, which is shown in Fig. 4.6. The N 48° 30' E recorder also 

TABLE 4.4 

~ 1 
Instrument 

2 3 4 

LSS 1·0 ~ 0·2 - - 1·0!0·1 

N29"30'E 1 1 1 1 

N4S"3o'E - 1·0 !0·2 0 ·7 ! 0-4 0.75~ 0·1 

S48"E - 0 ·4!0·2 0 ·5! 0·4 0 .4! 0·1 

The calibrations of the different strain instruments are compared with one another 
by studying corresponding earthquake phases on the recordings of events 1 to 4. 
It appears that amplitude readings on the laser instrument are consistent with 
those on the N 290 30' E instrument, while the N 480 30' E and S 480 E instruments 

give readings that are too low by a factor 0.8 and 0.4 respectively. 
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happened to be near one edge of the paper, since this was a regular analog 
output, part of the signal was lost (see Fig. 4.8). From table 4.3 it appears 
that this event is useful for comparing the three BLS instruments, since 
all have near maximum response for transverse waves. Apart from its 
time of arrival, the dispersed wavetrain marked LQ is identified as such 
by the fact that BLS 1 and 2 are in phase, while BLS 3 has opposite 
polarity. Rayleigh waves would have been in phase on all three components. 

50 

~--,20 
~~ 
VlO 
ijj-
Vll-

Z 10 
Q 

~ 
u 
LL 5 
:i 

. , 
RESPONSE OF AMPLIFIED N 2930 E 

a.. 
~ 
~ 

1 
2 

Fig. 4.7 Filter response of the N 29° 30' E "seismic" output. The filter is peaked 
around T = 600 sec; tides are removed and microseisms attenuated. 

4.2.3. Southern N evada Earthquake 

Strain seismograms recorded at 4 inch/hour of an earthquake in South­
ern Nevada, number 3 in tab Ie 4.2, are given in Fig. 4.9. The 8 MHz/hour 
drift of the LSS signal was caused by a change in discharge current a 
few hours before the earthquake. The lower record in Fig. 4.6 is the LSS 
seismogram recorded at 12 mm/min. Events 2 and 3 are comparable in 
focal depth, distance and azimuth; judging from the difference in surface 
wave amplitudes on the Ogdensburg BLS and LSS strain records (compare 
Fig. 4.8 and 4.9) which is almost an order of magnitude, the assigned 
value of M = 6.1 for event 3 seems quite high as compared with M = 6.3 
for event 2; this was confirmed by both Utah and Palisades which give 
M = 5.5 *). The first wiggle on the records of Fig. 4.9 is identified as 

*) Private communication K. L. Cook, G. Boucher. 
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transverse; a comparison of the different recordings is quite inaccurate, 
however, because of the smalt signal amplitudes. 

4.2.4. Of! coast ot Peru Earthquake 

The Magnitude 7! earthquake with epi center off the coast of Peru 
(oct 17, 1966) produced a very nice set of strain seismograms on the 
Ogdensburg laser- and Benioff instruments, as can be seen in Fig. 4.10. 
The records cover a time span of sorne 4! hours af ter P. Even the vertical 
BLS, which at that time suffered from a very high noise level, produced 

dilatat ion - .-.-- ---- I: 

~-_. -==;~ 

4.4X10 -
9 

STRAIN 

i di latation 

Fig. 4.9 LSS and three horizontal BLS strain records of event nr. 3. The drift 
of the laser signal shows that the instrument was still affected by a modification, 

that was made a few hours before the time of the earthquake. 
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a worthwhile recording. Besides the usual LSS recordings at 1 MHz/cm 
sensitivity and 12 mm/min. and 4 inch/hour paper speeds, another 4 
inch/hour recorder was running at a ten times lower sensitivity: 10 MHz/ 
cm (not shown). Since maximum peak to peak trace deflections of 19 MHz 
occurred, the signal repeatedly exceeded the full recorder span of 10 MHz. 
Consequently parts of the records were "cut off" and written at the 
opposite side of the paper, as was the case with event 2. The 12 mm/min. 
seismogram was later restored graphically by shifting back the displaced 
portions over a full decade. The LSS record with ten times lower sensitivity 
(i.e. 100 MHz full span) served as a check during this operation. The 
12 mm/min. record, some five hours of which are shown in Fig. 4.11, 
was then digitized and plotted to have the same time scale as the 4 inch/ 
hour BLS records in Fig. 4.10. This somewhat cumbersome procedure, 
during which no essential information was lost, however, may be circum­
vented by directly recording the counter output in digital form (see 
Fig. 2.8) and doing the plotting afterwards. 

The different phases that can be recognised are indicated on the seis­
mograms: the direct bodywaves Pand S, the direct surface waves, a 
mixture of Love- and Rayleigh motion in which components with several 
hundreds seconds period are clearly visible. The fust interesting phase 
af ter the direct arrivals is a group of waves with some 90 seconds period, 
coming in around 23.12 GMT. It is recorded by all strain-instruments, 
in phase on all horizontals and reversed in polarity on the vertical. This, 
together with the observed horizontal amplitudes, points to longitudinal 
linear particle motion. From the time of arrival, this phase was identified 
as a combination of multiple surf ace reflections: 4SP z. The next phase, 
at approximately 23.53 GMT is recorded by all horizontal instruments. 
Note that LSS and BLS 3 are in phase, as are BLS 1 and 2, while the two 
pairs have opposite polarity. The absence of vertical motion plus this 
polarity behaviour points to transverse surface waves which, because of 
their time of arrival must have travelled by way of the antipodes: G2 • 

Similarly, the wave group arriving around 0036 GMT has been identified 
as Ga: Love waves that pass the station for the second time af ter having 
completed one revolution around the earth. The LSS recording shows 
repetitions up to G6 • These G-waves correspond with the flat portion of 
the Love wave group velocity curve, which is almost a constant 4.4 km/sec 
for periods between 100 and 400 seconds. The wave trains arriving around 
0020 GMT and 0112 GMT are recorded on all instruments and are in 
phase on all horizontals. When compared with the horizontals the signal 
on the vertical BLS, besides having opposite polarity, is also shifted in 
phase, which is characteristic for elliptical motion. These wave trains 
were identified as Rayleigh wave repetitions R 2 and Ra. In contrast to 
the G-waves, they appear as long drawn-out trains with a long- and short 
period branch which blend in an Airyphase minimum at T = 225 sec. 
The group velocities as determined from the LSS record of both R 2 and 
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Fig. 4.12 Rayleigh wave group velocities, determined from the laser strain re· 
cording of the earthquake off Peru which took place on Oct 17, 1966. 

R3 , are plotted in Fig. 4.12 and agree both in general trend and in scatter 
with other observational data (KOVACH, 1965). 

Amplitudes of R 2 , R 3, G2 and G3 on the LSS and horizontal BLS 
recordings were compared and the relative calibration figures listed in 
table 4.4. From these amplitude comparisons it is concluded that: 

1. the LSS and N 29° 30' E BLS calibrations are in mutual agreement. 
2. the N 480 30' E instrument probably gives amplitude readings which 

are too low by a factor 0.8 ± 0.1. 
3. the S 48° E gives readings which are too low by a factor 0.4 ± 0.1. 

4.3. RESPONSE OF LSS TO FREE OSCILLATIONS 

To evaluate the characteristic properties ofthe LSS more quantitatively, 
its response to the earth's free vibrations was considered. If the LSS 
makes an angle 1p with rectangular coordinate axes x and y, the strains 
el and eII in the direction of the laser axes are, from eq. (4.1): 

eII = ezz sin2 1p + e1lll cos2 1p - eZII sin 1p cos 1p 

Consequently: 

(4.4) 
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The horizontal strains can be written as 

The fust term on the right, a deformation without a change in area, 
is called pure shear, the second term is dilatational: areal strain without 
a change in shape. From (4.4) and (4.5) it is obvious that the LSS will 
be sensitive to pure shear only. The dilatational part of the surface defor­
mation influences both lasers equally and therefore cancels out in the 
difference. 

When only plane surface waves are considered, which travel in the 
direction of the x-axis for instance, the el/I/ component of strain vanishes, 
as can be Been as follows: The horizontal displacements are 

for longitudinal motion 

for transverse motion 

The horizontal strains are then 

~uz 1 diL 
ezz=- = - -.-

~x VL dt 

~Uy 
evl/= liii =0 

~uz ~Ul/ 1 dIT 
eZI/=-+- = - -'-. 

~y ~x VT dt 

Substitution in (4.4) yields: 

1 diL 2 1 diT . 2 
eLSS = - - -d . cos "P - - -dt . sm "p. 

VL t VT 
(4.6) 

Equation (4.6) is equivalent to (1.15) and (1.16) and is represented in 
Fig. 1.9 and 1.10. Since el/I/=O, no cancelling occurs in the difference 
measurement (ezz-el/I/), and thus LSS and BLS have the same maximum 
response for longitudinal waves (see Fig. 1.7 and 1.9), while the LSS 
is a factor 2 more sensitive to transverse waves (Fig. 1.8 and 1.10). 

If the plane wave assumption is invalid as happens with free vibrations, 
generally el/I/ =F O. This will re sult in either higher or lower sensitivity of 
the LSS when compared with BLS, depending on whether ezz and el/I/ 
have opposite or equal sign. The horizontal strains associated with free 
spheroidal and toroidal oscillations are given by e.g. TAKEUCHI and ALsop 
(1965); spherical coordinates r, () and cp are used with the epi center as 
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a pole; on the surface therefore 0 and rP correspond with x and y re­
spectively. 

For toroidal oscillations the dilatation is zero at all times which means 
that eoo = - e# since also en- = o. The deformations are pure shear and the 
LSS is weIl suited for recording them. 

For spheroidal modes, the expressions for eoo and e# have a common 
term representing strain caused by radial motion. Since it is known that 
some grave spheroidal modes have predominantly radial motion (ALTER­
MAN et al. 1959), it may be expected that the LSS will have limited 
sensitivity for those modes. For m = 0, m being the degree of the aBsociated 
Legendre function, the expressions for the horizontal strains associated 
with spheroidal oscillations are: 

eoo= W(r) . d2P, + U(r) . P, 
r d02 r 

(4.7) W(r) dP, U(r) 
e"",,= -_. cotgO· - + -- .p, 

r dO r 

where P,=P, (cos 0) are Legendre polynomials of order I, and W(r) and 
U(r) are tangential and radial amplitude functions depending on the 
earth model. The relative sensitivities of LSS and BLS for spheroidal 
modes follow from a comparison of: 

These expressions take the form: 

and 

d2P, dP, 
-- -cotg 0·-
d()2 dO (4.8) 

(4.9) 

(4.8) and (4.9) have been computed up to order number 1=20 for epi­
central distances 0=5°,10°, ... 90°, the response for 90°<0<180° follow-

ing by symmetry. The values of ~(~1 that were used, are those tabulated 

by Takeuchi and Alsop (1965) (Ya in their notation). The results are that 
080 and oBI (notation MAcDoNALD and NESS, 1961) will not be detected 
by the LSS; this is immediately apparent for 080 since this mode consists 
of purely radial motion without any surface shearing. From the other 
results, some of which is plotted in Fig. 4.13, it can be Been that the LSS 
has relatively low sensitivity for 082 for all epicentral distances; also 
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the LSS response for 083 is generally lower than the BLS figure. For all 
higher order modes the responses of LSS and BLS are very similar for 
O-values not to close to either 0° or 180°, their main difference being a 
slight shift of the nodal lines of response. 

A Fourier analysis of the LSS strain seismogram of the Peru event was 
made, for which 8t hours of record were available; the resulting spectrum 
is shown in Fig. 4.14. 

With this magnitude, one cannot expect grave oscillations to be suf­
ficiently excited; therefore the effects on low order spheroidal modes 
described above cannot be illustrated here (see, however, S. W. SMITH, 
1966). 

In the spectrum, several peaks appear that are probably higher order 
modes. Because of the instrument's orientation, the LSS for this earth­
quake favors spheroidal modes and some of the more prominent peaks 
have been tentatively labeled as such. This is supported by a computation 
of the LSS response for spheroidal modes with order up to 1 = 50 and 
epicentral distance 0 = 52°. It appeared that all the prominent peaks on 
the spectrum of Fig. 4.14 feH at or near maxima of this computed response. 



SUMMARY AND CONCLUSIONS 

When the mirrors that form a gas laser cavity are fixed to the rock, 
strains of seismic or tidal origin will modulate the frequency of the laser 
radiation. By mixing the outputs of two such lasers mounted at right 
angles, a beatfrequency is obtained, which will be varied by changes 
in the horizontal strain. This laser strain seismometer is attractive for 
two reasons : its size is very much smaller than that of other types of 
strainmeters, while it should be capable of at least the same or even a 
ten times higher sensitivity. 

In this thesis the construction of the instrument is described in detail. 
Furthermore the effects of several sources of noise both of 'seismic' and 
of 'tidal' periods, originating either from the environment or from the 
instrument itself, are investigated. For periods up to several minutes, 
the LSS has reached a stability of 1.6 x lO-lO. lts stability over periode 
of days is still considerably less: long-term drifts of 10-7 and 10-8 strain/ 
day were observed, depending on whether or not large variations in 
barometric pressure took place. These long-term instabilities seemed to 
be caused mainly by slow changes in discharge current and in temperature 
and pressure. The discharge current stability can be improved at least 
by a factor 100 or more while the slow temperature changes may be 
eliminated by improving the air seais. 

These and other measures shouid make it possibie to reduce the long­
term drifts to 10-9 or 10-10 per day. An improvement of the short-term 
stability (periods of 1 hour or less) of one and p088ibly two orders of 
magnitude is expected from a different mechanical design (section 3.3.3) 
and again: better current stabilisation. 

It was shown that non linearities inherent to the gas-laser are insig­
nificant if the lasers are adjusted near threshoid of operation (11 Rol 1.04). 

Recordings of tides, earthquakes and microseisms were presented and 
whenever possible, compared with similar recordings made by the Benioff 
linear strainmeters, that were situated with the LSS in the same under­
ground seismic station. When the differences in directional sensitivities 
were taken into account, the different recordings were found to be in good 
agreement. A comparison of the three BLS instruments suggests a modifi­
cation of the calibration by a factor 0.8 and 0.4 for BLS 2 and BLS 3 
respectiveIy. 

Strain seismograms of the earthquake with Magnitude 7!-, off Peru 
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(oct 17, 1966) were very useful in the above mentioned comparisons. 
A Fourier analysis of the LSS recording of this earthquake showed 

several higher order spheroidal free vibrations. 
The limited response of the LSS to the very low order (l < 3) spheroidal 

modes and its good response to toroidal modes was shown. 
Monitoring several instrumental and environmental parameters simul­

taneously with the recording of the LSS signal, will facilitate in pointing 
out the relative import&nce of the different remaining souroes of noise. 
This will be necessary to further increase the useful sensitivity of the 
laser strain seismometer, the initial development of which, was covered 
in this thesis. 



BIBLIOGRAPHY 

ALLEN, L. and D. G. C. JONES, Principles of gas lasers; ed. Butterworths London. 
(1967). 

ALKEMADE, C. TH. J. en P. T. BOLWIJN, Ned. T. Natuurk. 32, 4, 114-137 (1966). 
ALsop, L. E., B.S.S.A., 53, 3, 483-501 (1963). 
ALTEMOSE, V.O., J.A.P. 32, 1309 (1961). 
ALTERMAN, Z., H. JAROSCH and C. L. PEKERIS, Proc. Roy. Soc. A, 252, 80 (1959). 
ALTERMAN, Z., H. JAROSCH and C. L. PEKERIS, Geoph. J. of the Roy. Astron. Soc., 

4, 219 (1961). 
BALLIK, E. A., Ph. D. Thesis. Oxford University (1964). 
BELLISIO, J. A., CH. FREED and H. HAUS, A.P.L. 4, 1, 5-6 (1964). 
BENIOFF, H., B.S.S.A. 25, 4, 283-309 (1935). 
BENIOFF, H., B.G.S.A. 70, 1019-1032 (1959). 
BENNETT JR, W. R., A.O. Supplement on optical masers (1962). 
BENNETT JR, W. R., A.O. Supplement 2 of chemical lasers, 3 (1965). 
BIRNBAUM, G., Optical Masers; AcadeInic Press, New York and London (1964). 
BLAYNEY, J. L. and R. GILMAN, B.S.S.A., 55, 6, 955-970 (1965). 
BOERSCH, H., G. HERZIGER and H. LINDNER, Zeitschrift für Physik, 199, 349 

(1967). 
BOLWIJN, P. T ., Thesis, Rijksuniversiteit Utrecht (1967). 
BORN, M. and E. WOLF, Principles of Optics; Pergamon Press LiInited, Oxford. 

(1964). 
BOYD, G. D. and J. P. GORDON, B.S.T.J., 40, 2, 489-508 (1961). 
BoYD, G. D. and H. KOGELNIK, B.S.T.J., 41, 4, 1347-1369 (1962). 
BRUNE, J. N., H. BENIOFF and M. EWING, J.G.R., 66, 9, 2895-2910 (1961). 
FADDEYEVA, V. N . and N. M. TERENTEV, Mathematical Tables; Pergamon Press, 

Oxford. (1961). 
FORRESTER, A. T ., J.O.S.A., 51, 253 (1961). 
Fox, A. G. and T. LI, B.S.T.J., 40, 2, 453-488 (1961). 
Fox, A. G. and T. LI, Proc. I.E.E.E., 51, 80 (1963). 
HOCHULI, U., P. HALDEMANN and D. HARDWICK, I.E.E.E. J. Quant. Electr. (1967). 
JASEJA, T. S., A. JAVAN and C. H. TOWNES, Phys. Rev. Lett., 10, 165 (1963) . 
JA8EJA, T. S., A. JAVAN, J. MURRAY and C. H. TOWNES, Phys. Rev., 133, 5A, 

1221 (1964) . 
JAVAN, A., W. R. BENNETT JR. and D. R. HERRIOTT, Phys. Rev. Lett., 6, 3, 

106--110 (1961). 
KOGELNIK, H. and T. LI, A.O., 5, 10, 1550--1567 (1966). 
KOVACH, R. L., Physics and Chemistry of the ea.rth, 6, 252 (1965). 
LAMB, JR., W. E., Phys. Rev., 134, 6A, A 1429-A 1450 (1964). 
LENGYEL, B. A., Introduction to Laser Physics; John Wiley and Sons, Inc. New 

York, London, Sydney (1966). 
LI, T., B.S.T.J., 44, 917-932 (1965). 
MACDoNALD, G. J. F. and N. F. NESS, J.G.R. 66, 6, 1865 (1961). 
MAJOR, M. W., G. H. SUTTON, J. OLIVER and R. MET8GER, B.S.S.A., 54,1,295-346 

(1964). 



A LASER STRAIN SEISMOMETER 79 

MILNE, J., Trans. Seis. Soc. Japan, 12, 63 (1888). 
MrrCHELL, A. C. G. and M. W. ZEMANSKY, Resonance radiation and excited atoma. 

Cambridge Univ. Press (1961). 
OLIVER, J., B.S.S.A., S2, I, 81 (1962). 
PEKERIS, C. L., Z. ALTERMAN and H. JAROSCH, Proc. Nat!. Acad. Sci., U.S., 47, 

91-98 (1961). 
RIGROD, W. W., A.P.L., 51-53 (1963). 
RIGROD, W. W., H. KOGELNIK, D. J. BRANGACCIO and D. HERRIOTT, J.A.P., 33, 

743 (1962). 
SCHAWLOW, A. L. and C. H. TOWNES, Phys. Rev., 112, 6, 1940-1949 (1958). 
SINCLAIR, D. C., A.O., 3, 9, 1067-1071 (1964). 
SMlTH, S. W., J.G.R. 71, 4, 1183 (1966). 
TAKEUCHI, H. and L. E. ALsop, B.S.S.A., SS, I, 153 (1965). 
THORP, J. S., Masers and Lasers, MacMillan, London and St. Martin's Press, New 

York (1968). 
TOWNES, C. H., Advances in Quantum Electronics, Columbia University Press, 3 

(1961). 
TURNER, R., K. M. BAlRD, M. J. TAYLOR and C. J. VAN DER HOEVEN, R.S.I., 3S, 

8, 996-1001 (1964). 
VALI, V., R. S. KROGSTAD and R. W. Moss, Rev. Sci. Instr. 36, 9, 1352 (1965). 
VALI, V., IEEE Proc. Region Six Conference, 305, 1-6 (1968). 
VAN VEEN, H. J., J. SAVINO and L. E. ALsop, J.G.R. 71, 22, 5478 (1966). 




	00001_Veen, H.J. van_1329.pdf
	00002_Veen, H.J. van_1329.pdf
	00003_Veen, H.J. van_1329.pdf
	00004_Veen, H.J. van_1329.pdf
	00005_Veen, H.J. van_1329.pdf
	00006_Veen, H.J. van_1329.pdf
	00007_Veen, H.J. van_1329.pdf
	00008_Veen, H.J. van_1329.pdf
	00009_Veen, H.J. van_1329.pdf
	00010_Veen, H.J. van_1329.pdf
	00011_Veen, H.J. van_1329.pdf
	00012_Veen, H.J. van_1329.pdf
	00013_Veen, H.J. van_1329.pdf
	00014_Veen, H.J. van_1329.pdf
	00015_Veen, H.J. van_1329.pdf
	00016_Veen, H.J. van_1329.pdf
	00017_Veen, H.J. van_1329.pdf
	00018_Veen, H.J. van_1329.pdf
	00019_Veen, H.J. van_1329.pdf
	00020_Veen, H.J. van_1329.pdf
	00021_Veen, H.J. van_1329.pdf
	00022_Veen, H.J. van_1329.pdf
	00023_Veen, H.J. van_1329.pdf
	00024_Veen, H.J. van_1329.pdf
	00025_Veen, H.J. van_1329.pdf
	00026_Veen, H.J. van_1329.pdf
	00027_Veen, H.J. van_1329.pdf
	00028_Veen, H.J. van_1329.pdf
	00029_Veen, H.J. van_1329.pdf
	00030_Veen, H.J. van_1329.pdf
	00031_Veen, H.J. van_1329.pdf
	00032_Veen, H.J. van_1329.pdf
	00033_Veen, H.J. van_1329.pdf
	00034_Veen, H.J. van_1329.pdf
	00035_Veen, H.J. van_1329.pdf
	00036_Veen, H.J. van_1329.pdf
	00037_Veen, H.J. van_1329.pdf
	00038_Veen, H.J. van_1329.pdf
	00039_Veen, H.J. van_1329.pdf
	00040_Veen, H.J. van_1329.pdf
	00041_Veen, H.J. van_1329.pdf
	00042_Veen, H.J. van_1329.pdf
	00043_Veen, H.J. van_1329.pdf
	00044_Veen, H.J. van_1329.pdf
	00045_Veen, H.J. van_1329.pdf
	00046_Veen, H.J. van_1329.pdf
	00047_Veen, H.J. van_1329.pdf
	00048_Veen, H.J. van_1329.pdf
	00049_Veen, H.J. van_1329.pdf
	00050_Veen, H.J. van_1329.pdf
	00051_Veen, H.J. van_1329.pdf
	00052_Veen, H.J. van_1329.pdf
	00053_Veen, H.J. van_1329.pdf
	00054_Veen, H.J. van_1329.pdf
	00055_Veen, H.J. van_1329.pdf
	00056_Veen, H.J. van_1329.pdf
	00057_Veen, H.J. van_1329.pdf
	00058_Veen, H.J. van_1329.pdf
	00059_Veen, H.J. van_1329.pdf
	00060_Veen, H.J. van_1329.pdf
	00061_Veen, H.J. van_1329.pdf
	00062_Veen, H.J. van_1329.pdf
	00063_Veen, H.J. van_1329.pdf
	00064_Veen, H.J. van_1329.pdf
	00065_Veen, H.J. van_1329.pdf
	00066_Veen, H.J. van_1329.pdf
	00067_Veen, H.J. van_1329.pdf
	00068_Veen, H.J. van_1329.pdf
	00069_Veen, H.J. van_1329.pdf
	00070_Veen, H.J. van_1329.pdf
	00071_Veen, H.J. van_1329.pdf
	00072_Veen, H.J. van_1329.pdf
	00072_Veen, H.J. van_Fa_1329.pdf
	00073_Veen, H.J. van_1329.pdf
	00074_Veen, H.J. van_1329.pdf
	00075_Veen, H.J. van_1329.pdf
	00076_Veen, H.J. van_1329.pdf
	00077_Veen, H.J. van_1329.pdf
	00078_Veen, H.J. van_1329.pdf
	00079_Veen, H.J. van_1329.pdf
	00080_Veen, H.J. van_1329.pdf
	00081_Veen, H.J. van_1329.pdf
	00082_Veen, H.J. van_1329.pdf
	00083_Veen, H.J. van_1329.pdf
	00084_Veen, H.J. van_1329.pdf

