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THE INSTALLATION OF HORIZONTAL SEISMOMETERS
IN THE LLL SEISMIC NET AND THEIR CALIBRATION

Abstract

We have upgraded the lawrence Livermore Laboratorv selsmic net bv
installing two horfzontal selamometers at each of the four LIl stations.
These seismometers record radial! and transverse cround motion from underground
nuclear explosions at the Nevada Test Site and complement the vertical
components which were installed several vears ago. Fach station now monitors

three orthogonal components of pround velocity over a broad frequency baad,

Introduction

During 1976, the Lawrence Livermore Laboratory setsmic net was upgraded
by the installation of two horizontal seismometers at each of the four LLL
stations. The horizontal seismometers record radial and transverse ground
motion from underground nuclear explesions at the Nevada Test Site (NTS).
They complement the vertical components installed several years ago. Each
station now monitors three orthogonal components of ground velocity over a
broad frequency band. This report summarizes the work that went into the

upgrading of the seilsmic net.

Seismometer General Description

At each station, the two new horizontal seismometers complement the
existing vertical seismometer, thereby giving us a matched set of
three-component instrumentation. Both the horizontal and the older vertical
seismometers were manufactured by Sprengnether Instruments of St. Louis,

Missouri, and have the following common features:

1. Mass position monitor
2. Mass alignment motor
3. Calibration coil/magnet assembly

4, Two large coil/magnet assemblies
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Features 1 and 2 are used t« detect and remove drift of the seismometer mass
vhile feature 3 is used chiefly to confirm that all system components are
functioning properly. The seismic datz are provided by the relative motion
of one of the two larne coil/magnet assamblies while the other magnet {s used
to damp the seismometer, Since the date are generated by the movement of a
coil in a magnet, they are proportional to velocity. While the coil/magnet
assemblies have nominally the same electrical properties, theilr location with
respect to the hinge ls somewhat different on the horizontal from where they
are on the vertical, Hence, when the sysvem is calibrated by means of the
calibration coil, a different constant 1s required for the horizontal from

that required for the verticals. More details are given in the Appendices.

Telemetry and Control System

While the basic telemetry system remained unchanged in concept from the
one originally used with the vertical components,* much of the hardware both
at the central and the remote stations had to be changed. In Fig. 1, we show
the telemetry system including data acquisition and command facilities, and
in Fig. 2, we show the command panel in detail. Of the items shown in Fig. 1,
the new ones in the central station are the control panel, status display, and
status decommutators, while at the remote stations the new ones are the
amplifiers, the calibration, status monitor, and VCO chassis.

The data are recorded contlnuously, as in the past, but now we have
only two channels from the vertical, instead of four, and one channel for
each horizoatal seismometer, The fifth VCO brings back status information,
as before, but now all status information is sent sequentially in digital
form. In the old system the operator could read only mass position or gain
at any one time. Now both are displayed simultaneously. In addicion, if a

calibration is being run, the current in use is displayed.

*

For a description of the original single-component system, see D. D. Judd,
Determination of Transfer Function of Seismometer/Telemetry Syetem Through
Use of Pgeudo-Random Binary Sequences, Lawrence Livermore Laboratory Rept.
UCRL-5049G (1969).
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Select seis Change vCo

VI TR STEP UP | STEP DOWN LBE| cF JuBe] |D.C. CAL| | DISC. Rd
GAIN | AC CAL } BOOM POS. ELKO | KANAB | LANDERS | MINA | SPARE
Select item to be changed Select station

Fig. 2, Control panel layout.

Three 1l4-t- .. FM tape machines are in use. The slow tape, waich runs
at 0,06 ips (inches per second), continuously records one channel from each
of the eight horizontal seismometers and the low gain channel from ecach of
the four vertical seismometers, 1In addition, it records IRIG time code "¢
on the two remalning tracks. At shot time, two machines atre run at 7.75 ips.
On one are both channels of vertical data from each of the stations plus IRIG
time codes "B" and "C." On the other are all the horizontal channels, the
low gain verticals, and the time codes. Also, at shot time, four six-channel
Brush strip charts are run to record all data from each station.

The operation of the control panel (see Fig. 2) Is self explanarery,
with four exceptions. One is that to attempt to c~librate all thrae
seismometers at any one station, while possible, will lead to failure ol the
current driver. Another is that the "disconnect damping resistance' button
disconnects all seismometers at the stations selected. Furthermore, while it
is possible to put all the seismometers into free period at the same time,
the results will be erroneous. See, for example, the free period test of the
Kanab R&T seismometer on 9/20/76 shown in Appendix D (Fig. D-1). What happens
is that the calibration coils are latched together in parallel thus induzing
additional damping. The last is that "UBE, CF, LBE" commands apply to all
channels at the stations selected. Other thar rhat, the procedure is to
select a station or stations; select a seismometer; select either GAIN, AC

CAL, BOOM P0S., or DC CAL; and then to adjust one of these operations with the
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STEP UP or STEP DOWN commands. For example, the sequence of commands to

pur a seismometer into a free peried is:

1. Select station
2, Select seismometer
3, D.C, CAL (initjation)
4. STEP UP (this command is repeated until the desired boom
displacement is reached).
5. Dise. R
d
6, D.C. CAL (termination)

This example also illustrates another peint: that all commands except sTEY
UP and STEP DOWN are continucusly sent once the button is pushed in and the

light comes in until 1t is pushed a second time.

Emplacement

As stated earlier the seismometers were located so as to record radial
and tangential eround motion from NTS explosions., A centrallv leocated point
in Rainier Mesa at NTS more or less midway between Pahute Mesa and Yucca
Valley was arhitrarily chosen for the focus., This point is 37.2Z°N, 1156.1°W,
The location of the stations with respect to this point is given in Tahle 1,
and the orientation of the seismometers 1is shown in Fig. 3. Positive ground
motion is away from NTS for the radial compianent and counter clockwise [or
the tangential component., The stations’ coordinates were determined bv a
survey in 1969 at which time two monuments at each station were set. These
monuments made it possible to use a surveyor's transit to scribe on the
existing concrete pads radial and tangential lines with respect to NTS. Once
the alignment was determined, speclaliv made lucite enclosures for the
seismometers were bolted to the concrete using a stud gun. As moisture is a
major problem at Eiko and Kanab, the following measures were taken. The
heads of the bolts were covercd with RTV gilastic seaiant so that ithe bolts
would not serve as cold points on which moisture could condense. The
enclosures were fabricated with three 3 In. x 3 in. square hLoles in the

bottom, Glacs plates were then placed in these holes and glued with epoxy to
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Table 1. Station locations with respect ta 37.0% N, 11h,1°W,

Distance Azimuth Back azimuth
(k=) {derrees) {deprees)
Elko 1,603°% 400,54 10,4699 191.01
Kanab AR SR T B a1, 274,98
Landers JLRINT 413,04 5.0
Mina 2L0an® 200,78 106,46

Fig. 4. (a) Telemetry and associated electronics. (b) The seismometers.
The nedrest is the radial, then the tangential, and the farthest is the
vertical,
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the concrete. The gap betwsen the glass and the lucite was then also sealed
with RTIV silastic sealant. Twe of tha glass plates were drilled and
countersunk so that the front feet of the seismometer were fixed in place.
The third plate was not so that the period adjustment foot would be free.
The holes for the cables were sealed with silastic and the lid was placed on
a rubber gasket and secured with turan buckles, Hence every reuasounable effort
was made to sea) the seismometer in & moisture proof container. As a Final
effort to keep the molsture from condensing on the seismowmeter, each of the
enclosures were outfitted with foui 1-W bulbs place near the top of the
enclosure, and several bags of <deslccant were placed in each enclosure.

Fig., 4 shows the installation at Mina of both the seismometexs and the

electronics with the exceptlon of the amplifier.

System Parameters

The system parameters of interest in this report are those that control
the seismometer damping and those that govern the calibration. The damping
term, in general, is complex; however, for the range of frequencies over
which the seilsmic net operates, the complex term 1s negligible as will be
seen. The damping term is given by, neglecting inductance,

92 2
vl (i) (B e
om [ d n

shere ﬁs_is the distance from the hinge to the center of the signal coill used
for damping
£o 1s the distance from the hinge to the center of oscillation
£m is the distance from the hinge tozthe center of mass

M 1s the mass in kilograms or E:§E£~

K is the generator constant of the moving coil and magnet in N/A or
V-sec/m

*Nhile textbook derivations of the :quation of motion abound, most make
simplifying assumptions which eliminate the geometry of construction of the
seismometer, Therefore, a derivation including the relevant geometry 1s given
in Appendix A.
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R_ is the internal resistance of the damping coil

R
w_ is the undamped (open circuit) natural frequeuncy of the seismometer

is the external resistunce needed for a given value cf n

=¥

in rad/sec
h is the natural (open circuit) inherent mechanical damping of the

seismometer,

The =ystem sensitivlity can be piven in terms of magnification, velocity
sensitivity, or acceleration sensitivity, Since the transducer that
produces the data is proportional to velocity, velocity sensitivity i1ls the
logical chvice, The seismometer can be independently calibrated in two ways.
Using the known generator constant, Ks, for the signal cnil, one finds the

velocity sensitivity is

ZS N _
V.S.sc = KS(EO—-) [2_[:1 Xi] T (W), (2)
where is and Zo are as defined above,
Xi is the gain or scaling constant for the electrical components,
T (w) is the transfer function for the se’ -mometer,

The alternate method uses the motor constant, G_, for the calibration coil

which is driven by a selected current, I, at an angular frequency w.

2
Im M Alw)
VeSrpg = [1 C ]“’ T(w) °* 3
c c

where Rc is the distance from the hinge to the center of the calibration
coil,
GC is the motor constant in N/A of the calibration coil,

A(w) is the strip chart amplitude resulting from I(w).

The mechanical parameters, as taken from the manufacturer's
specification and the telemetry transmission and recorder parameters, are
listed in Tables 2 and 3, respectively. Both sets of parameters are
independent of seismometers. Table 4 gilves the electro-mechanical parameters
of the coil-magnet assembies in addition to damping information. The motor
constants were measured in the laboratory using a method im which a known
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Table 2, Mechanical parameters.

Mechanical parameters Herizontal Vertical

Distance from hinge to center of

signal coil, 25 14.03 in. 13.87 in.
Distance from hinge to center of

oscillation, Eo 14,07 in, 14,08 in.
Distance from hinge to center of

calibration coil, RC 6,76 in. 9,53 in.

Distance from hinge to center of
mass, R 13,2 in. 12,66 in,

m
11.13 kg 10.95 kg

=

Mass of inertial assembly,

Table 3. Data transmission parameters,

Amplifier gain Xl
VCO scale factor

0, 1., 2., 4., ... 16384, In steps of 2
100 Hz/5 V for horizentals and low
gain verticals

100 Hz/0.2 V for high gain verticals
1.25 V/100 Hz

2G mm/1.25 V

Discriminator scale factor X3

Brush strip-chart scale factor x4

~10~
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Table 4.

Electro-mechanical parameters.

gnal Cotls

Results of ferce-balance and ireguen

a
¢ response tests

R, L €al. Cofl ® N
Serfal  Date ) @ e e N €Y/ S n By To ¢
Station Inst. No, installed Rt Lt Rt Lt [(53] (1) h Rt X3 (../secy ) {seq) -
Llanders % 321 1-23-76 ShD 34D 1.2 1.3 38 D2 0,027 POLLS 193,30 3,060 11-.8 R a0 A,.e10 1 0,008
93,8 ¢ 0.6 b 4 0 1907+ 1.5 R 56 1a,2 LTer e o1
T 4991 560 560 1.2 1.2 58 .02 L027 flo1.1 1015 5.310 113.9 R a0,7 MM
93.1 £ 1.1 93,5 5 1,1 4,95 ¢ 0% 9 0 2 R 90 .6 B3
v 3621 8-9-68 485 474 1.2 1.15 45 .03 .02 }yi.s 92,7 3.2 87,98 20,0 B
Mina 3 4987 3-9-76 572 571 1.02 1.1 63  .01& .02 [92.5 43,1 4on as_a& L 3a.8 e R
32,72 1.0 933 £ 1.0 5.2+ 0.1 ~6,73 42 L 80 41,5 LR
T 4992 565 565 1.06 1.05 61 L0313 ,026 | 7.0 95.4 5.1 104,83 R 0.k LT e
97.3 & 1.9 94kt 1.s 5,05 ¢ N7 85,2 - 3.5 R T aee FRUERE SN
v 3269 12747 405 405 0,94 0,92 5 015 .03 |A81.5 81.% 5.m COCH 19.3 L7
Kanah R 4993 5-10-76 SH0 584 1.7 1.3 b, 023 028 1 96,1 b, i 3R10 4t by
¥S.1 2 L.l 956 - 1.1 .08 2o L OYWAD L0 LS
T 498¢E 530 578 1.4 1.3 64 02 L0299 | 95,8 36,5 L MaM: 3uub
94,9 ¢+ 04 04,7 - G © 0w/ 1.6 L I8 - 70 30,08 L7 s Lt
v 3612 10-18-68 ahd 463 1.09 1.55 &5 013 .03l §42.6 92.7 1290 0.0 LR
Elko R 4989 8-9-76 581 560 1.3 1.3 64 023,02 |ai.0 93.4 5.2 a6, L 31 39,5
93.9 ¢ 1.y 920+ 1.0 5.3 - 0. .2 LA en L
T 4994 S8 572 1.3 1.3 64 L0230 | Lam as.g 5.01 [ARTSN] 349 S0l
92.9 + 0.8 Ol.n + NLH 5,13 + n.nS L OAS0 - A0 40,4 Lmi - ot
v 3677 9-9-6¢ 459 459 1.1 1.11 61 0,043 0.049 |o3,3 .5 5.0 i WLe o aLT

®For each horizontal seismometer the top line has the force-balance test results while the second line has
frequency response tests erc the final values.

The free period changed with time a8 the seismometer settled in.
The top line for each norizontal seismometer is the value of n determlned by the frequency response test.
calculate the damping resistance corresponding te n = 0.707.

the results from the

These values were

the resul:

frequensy Tesponse test.

The values from the

of using the force-balance test data to
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force 1s applied to the seismometer. While this test is easily dome on the
verticals by merely setting a weight on the boom, it is more difficult to
perform on the horizontals. In order to apply a known force to the
horizontals, a jig wag made which placed a vertical post at a known distance
from the boom’s center position. A string of known length was then
attached to the boom and the vertical post, and a small weight was suspended
from the string. A current is then applied to one of the coils, the others
being open, and is increased until the seismometer is driven back to its
original position. Several problems were encountered with this arrangement.
Some of the tests turned out well and others did not, but we could never
assess at the test time the quality of the results, Nevertheiess, the motor
constants determined in this way were used to calculate the initial, or test,
values of the damping resistance, RdT' for n = 0,707,

Following the installation and checkout of all the station electronics,
we determined the frequency response of each seismometer using frequencies of

0.01 Hz through 5.0 Hz. From the

results of this test, the actual

] T T o ] damping, or test value nT, was
72 - /// - found using the value Eq. (3) takes
o _ at large frequencies, compared to
§ 70 E C{// N the free period frequency u_  as
= N / ] follows:
1
o)
c 68 / - _1 (V'S')m
= "t T7 Wsy
© o O -1 (,Jn
¥ /
50 66 [~ d - where W (4)
= | / 1
L 64 ///9 -T The correct value was then found from
g R.+R - B * Rgn)
62 7/ -~ c d  0.707 - h
‘G]LL 1 { [ { L 1
90 92 94 96 98
x (g~ b, (5)
K. — N/A
S
where RdT is the value of the damping

Fig. 5. Relationship of system
damping, free period, and damping
resistance. balance test and used during the

resistance determined from the force
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frequency response test. The motor constant for the damping coil could then
be deduced from Eq, (1), which is plotted in Fig. 5. The uncertainties shown
in Table 4 result from the uncertainty in the measurements of (V.S.)} at large
frequencies and at wn. The motor constant for the signal coil was then found
from a simple test in which the relative outputs of both coils are measured,.
Finally, the motor constant of the calibration coil was deduced by equating
Fgs. (2) and (3). A complete record of the frequencv response tests and

calculations just described are given in Appendices B through E.
Magnification
This section is included because seismologists have a tendency to
compare systems only in terms of magnification, Therefore, for reference,

the system magnification on the Brush strip-chart recorders for a nominal

vertical and horizontal seismometer at the routine gain setting of 2048 is

(RSX N ] |- |
M=K (== T X,|wlTw
s Q‘o i=1 1

_ V-sec\/13.87 . 100 Hz\1.25 YN/20 mm \ 1= .1
Mvertical = (= m )(14.0‘) (2048) / 5v X 100 Hz \1.25 v DIy |
N \ AN
= (750.5 sec) w|T(w)]
« {ga¥=sec) f14.03 100 Hz) 1.25 v)(zo mm ) 1
Morizontal = ( ) (7o 07) (2048) ( 5 v (100 T35 ) @It

(759.7 sec) w|T(w)]

These equations are plotted in Fig. 6 for free periods of 40, 30, and 20 sec.

The maximum magnification 1s seen to be approximately 80K at 18 Hz.
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Appendix A.
Seismometer Basic Equations

There are two equations which govern the behavior of the seismometer,
One is the second-order equation of motion, which can be written down by
summing the torques about the hinge, and the other is the first-order circuit
equation., TFigure A~1 shows the forces acting on the seismometer. The
summatfon of torques, assuming the seismometer is being driven hy the

calibration coil, is given by

2

B+ 220 =261 , (A1)
m m ccece

2 "
(Mlm + Im) 9 + Zs (Klil + Kziz) + dl

where 6 is the angular deflection of the boom and the other parameters are

defined in Fig. A-1l. Figure A-2 shows an electrical representation of the

coil and magnet. The circuit equation for the coil and magnet assembly is
ke B =4r +3Ep 421, (A~2)

s c dt Te

In practice, one of the signal colls is used to damp the seismometer with a
resistive load while the other drives a high-impedance amplifier. Since the
damping resistance is on the order of a kilo-ohm and the amplifier impedance
is on the order of a mega-ohm, only the damping current need be retained in

Eq. (A-~1) and Z is just R, the external damping load. Combining the Fourier

d
transforms of Eqs. (A-1) and (A-2) results in
2 2 -
2 K 2 L G i
2= [} d = s AL c c ¢ , (A-3)
Wt (p_ TR+ ij) Jud  + 2h Jud + w D 30
o'm c d o'’m
where Kd is the generator constant of the coil used for damping,
2 2 I
2 k d .
W = Em e 2hmn = EE ¥ 20 = Em 1+ —Eﬂ— > Wy is the open circuit or
n o [} EmM

natural frequency, and h is the open circuit damping factor. The
contribution of the damping term of the inductance, wL, at w, 1s about 0.2 &
which 1s insignificant when compared to Rc + Rd which is approximately 3700 Q.

Hence we can safely neglect the inductance, and then Eq. (A-3) reduces to

~15~



Qc = distance to center I = moment of inertia about
of calibration coil center of mass

lm = distance to center d = mechanical damping at center
of mass of mass

L = distance to center k = effective spring constant at
of oscillation center of mass

ls = distance to center M = mass
of signal coils

Kn = generator constant for G = motor constant for cal coil

signal coil n = 1,2
Note: second signal coil is nat shown

Fig, A-l. Forc . acting on the seismometer.

L G 1

2 2
o (o g ) - e S,
om
2 2
where n = %5 X4 +h (A~4)
Mzozm (Rc + Rd) 2w, y

~16-



"
R ;“\\\ When the driving force on the
SC
seismometer is the earth then the
. inertial term is dependent on the
= K7 v
e=K s' [}{]]Uad absolute motion so that Eq, (A-1)
becomes
LSC
2 My + I
m -
+ QS(Klll + hziz)
R, = electrical resistance of + ae%h + ke = 0, (A-5)
signal coil n m
LSC = electrical inductance of where y = z + Emﬂ, z is the absolute

R.. signal coi
sc Signal coil earth motion, and y is the absoiute

mass motion.,

Fig.A-2. Electrical representation As with Eq. (A-1), Eg. (A-5)
of coil and magnet. ’
becomes upon transformation

(neglecting inductance)

=f_ 2 2\ _ w’z
G(;m + o ju + mn) == - (A-6)
o]
From Eqs. (A-4) and (A-6) the equivalence between the calibration current and
ground displacement is seen to be
2 G
c ¢z _ 2=
R (a-7)

From Eq. (A-6) the seismometer transfer function, a dimensionless ratio of

mass motion to base motion, can be written down

e’}

% w? (A-8)

Ta) = 2 = e
z wiw? + Mw_jw
n n’

The transfer function approaches unity for w>>wn while for w<<w“ it approaches

(w/mn)z.
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The system may be calibrated for displacement, velocity, or acceleration,

as follows:

Magnification, M = seismometer output - output]
’ -

ground displacement z

seismometer output _ loutputl

.S, =
Velocity sensitivity, V ground velocity

jwz

selgmometer output = | output
ground acceleration |~—Eg——|
-w°z

Acceleration sensitivity, A. 8, =

Output can be given in volts, but when the signal is displayed on a recorder

of some kind then it is given in mm and the calibration units are:

Volts mm
M mV/mm dimensionless

V.S. mVesec
mm

A.S. mV*sec 2
——t sec
mm

sec

Since the data for the LLL seismic net is provided by a velocity transducer,
calibration is routinely given in terms of velocity sensitivity, The

seismometer output in volts is given by

v =%x & 6,
out S S

whose Fourier transform is

Therefore, the velocity sensitivity at the seismometer is by definition and
Eq. (A-8):

Ks’z'sjmé Ks!‘s - mVesec
V.S, = = |Tw)] in ===, (a-9)
jwz Lo mm

Eguation (A-9) shows that the velocity semsitivity is flat for w >> wn.
To determine the velocity sensitivity on a given strip chart, we simply

~18-



multiply Eq. (A-9) by the various scale factors in the data transmission

system and in the recorder as follows:

g n
V.S, = K 22 1T [ T xl.] . (A-10)
- i=1

Tn the LLL system, N = 4 and X] is amplifier gain, X, is VOO sengitivity, X

3
i1s discriminator sensitivity, and XA i{s the Brush strip-chart sensitivity,
Alternatively, the system can be calibrated using a known current
EE{M) to drive the seismometer. Tn this case, the output is the measured
amplitude A(w) on the strip chart so that by definition and Eq. {A-7):

V.S, = Aw) _ . A Sw)
juz e 6 le(w
L { W
m
or
v.s, =i MwAW (A-11)

T o
c bclc(m)
From Eq. (A-11), a calibration constant feor this method is deflined by

9
- .m M UA*sec”
c.C. TG in o -

For the nominal calibration coil value of 5.0 N/A, the calibration constant

for the horizontals is

"C'horizontal = 4.3 mn

while for the verticals it is

2
2,91 MAsee

C.C. . =
vertical mm

From the above, it can be seen that for the same velccity sensitivity (V.S.),
a given calibration current will result in smaller amplitudes from the

horizontal seismometers than from verticals.
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Appendix B.
Landers Station Calibration

FORCE BALANCE TEST

STATION Landers INSTRUMENT Radial SN #4986
ARC LLL 216500
DATE 1-23-76

Coll Resistances
Lt Coil 560 Q
Rt Coil 560 Q
Cal Coil 58 Q

Coil Inductances
Lt Coil 1.3 H
Rt Coil 1.1% H
Cal Coil 20 mH

Natural Damping

2 my = 1)\ 2
hoall[(m) +1] 3>1

or for h << 1
[+]

- ln (A ,Ai)
o (1 - D

from plot (Fig. B~1) ho = 0.027
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Tig. B-1. Landers station.
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Natural decay of amplitude while in frec perioc
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http://-f.nl

Generator Constants

Damping Resistance on Right Coil
2

2

P
[

(Rd + Rc)/Tﬁ =
om

0.00758

K =
c
. =17.0 in.
w
lc = 14,03 in, for signal coil
6.76 in. for cal coil
=S (My_ 2
wc"4.5(z)“ i
Coil m_(g) I (mp) K(N/A)
Rt 100 7.8 101.5
Lt 100 7.67 103.3
Cal 10 32,5 5.06

k2

4mM(0.707 - ho)

(101.5)%

0.707 - 0.027

114.8 Qfsec

=22~



FORCE BALANCE TEST

STATION Landers INSTRUMENT Tangential SN #4991
AEC LLL 216805
DATE 1-23-76

Coil Resistances
Lt Coil 560 @
Rt Coil 560 Q
Cal Coil 58 Q

Coil Inductances
Lt Coil 1.19 H
Rt Coil 1,19 H
Cal Coil 20 mH

Natural Damping

2 _ TG - D2 .
n, =1 [(z—‘]ﬂA—)*l:l 121
n 1

or for h <<1
o]

b (A /M)

ho * TG -

from plot (Fig. B-1) ho = 0.027

23



Generator Constants

Coil
Rt
Lt
Cal

zw Fwt
K=29,8 (ET-)-ff—
c
lw = 17.0 in,
Rc = 14,03 in. for signal coil
6.76 in, for cal coil
6 (M 2
e " 75 (3) =30
m_(g) I (mA) K(N/A)
100 7.83 101.1
100 7.8 101.5
10 30.8 5.33

Damping Resistance on Right Coil

(Rd + R T

2
%% WmM(0.707 - h.)
(101.1)*

0.06758 0,707 - 9,027

113.9 Q/sec

—24e-



FREQUENCY RESPONSE TEST

STATION Landers INSTRUMENT Radial SN #4986
DATE 1-28-76

Svstem Scale Factor, FSS = Xl X2 X3 X

4
- 0o (3ot o i) = 32

RdT = 4100 Q Rc = 560 Q h = 0,027 T = 40,0 sec a

£ (Hz) TQuA) Almm) AR 1 ]-‘j%) fA/FSSI(H—;;\—“—A—
0.01 200 37.1 57.97 0.58

.02 60 20,5 106.77 2.14

.025 22 114.58 2.8645

.03 22 114,58 3.44

.04 17.3 S0.1 3.60

.05 14.0 72.92 3.65

.06 11.4 64.42 3.63

.07 9.8 51.04 3.57

.08 8.6 44.79 3.58

.09 7.7 40,10 3.61

.09 200 25.4 39.69 3.57

.1 23 35.94 3.59

.12 19 29,69 3.56

.15 15.1 23.59 3.54

.20 11.3 17.60 3.53

.3 600 22,5 11.72 3.52

A 16.8 8.75 3.50

.5 13.5 7.03 3.52 RMS=

.7 9.5 4.95 3.46 3.503 *
0.7 2000 32,2 5.03 3.52 0.023
1.0 22.4 3.50 3.50

2,0 11.0 1.72 3,44

3.0 7.2 1.13 3.38

4,0 5.2 0.81 3.25

%rhese data are plotted in Fig. B-2.
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Fig. B-2, Landers radial velocity response with trial RdT = 4100 Q.
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X

Asvmptotic value of (fA/F 1) = 3,501 ¢ 0,021

S8 .l]
from plot (Fig, B-2) - [n (ra/r 1) = 2,Aads -oan
38 -.,n
. (fA/FSgI)Q>>hn M+ 0,003
O .02 .
- SRS SRR L PEEIE AR LE AL - (
I 17 VI TR T 0.07) OIS - 0,008
85 .4
n
(Rd + RC)/Tn
T h} (RC + RdT)
R ARDT =TTy T
(0.6115 = 0,008 - 0,027)  (4660) - N
= = 10 - 1.4 .
GRE) 0.0 100,7 = 1.4 /sec
')
[N (R + R))
2 _ om c d
Ky = A?TM( E )(n-h) T
s n

from plot (Fig. 5) Kd = 94,

Ratio of Coils

8+ 0.6 N/A

K

s 32.3

K, = 3.7 - 0
d

KS = Gg,6 * 0.6 N/A

27—



Calibration Coil Constant

3 b - 2
(H\/Fssl)w))wn 3.503 * 0.023

(13.2) 14,07\ 1113 _
G = 7876 (14.03) 966 = 0,6 27 (3303 ¢ 0.023)

4,966 + 0.064 N/A

Calibration Constant

zel azo

M
C.C. = o
[

]

bt

3.2 11.13
6.76 \4.966 * o.oez.)

2
= 4,38 + 0,06 PAISEC
mm

=28-



FREQUENCY RESPONSE TEST

STATION Landers TNSTRUMENT Tangential SN #4991
DATE 1-28-76

System Scale Factor, ng = X. X

= 02 (T T Ee) = 02
Ryp = 4050 0 R, = 560 2 ho= 0,027 T, = 40,68 sce
uv Hzepa ) 2 ? Hzeuv \P
f(Hz)  I(uA)  A(mm) A/FSSI(EK fA/FSST(—?R~—) f'A/FSS](—4EK—-)
0.01 200 36.9 57.66 0,577 0.00577
.02 60 20.5 106.8 2.135 .04271
.025 21.8 113.56 2,839 , 07006
.03 20.8 108.33 3.25 09749
04 16.9 88.021 3.521 L 14083
.05 13.5 70.313 31,5156 .17578
.06 11.1 57.81 3.4688 . 20813
.07 200 31.8 49.69 3.4781 . 24347
.08 27.6 43.13 3.4500 .2760
.09 24,6 38,438 3.4594 .31134
.10 22.0 34,375 3.4375 ,34375
.12 18.0 28,125 3.3750 . 40500
.15 14.4 22.50 3.375 .50625
.20 600 32,5 16.927 3.3854 0.67708
.30 21.5 11.198 3.3594 1.0078
A 16.2 8.4375 3.375 | mMs = 1.3500
.5 12.9 6.7188 3.3594 [ 3.372 +  1.6797
.7 9.3 4.8438 3.3906 | 0.015 2.3734
0.7 2000 31,0 4.8438 3.3906 ) 2.3734
1.0 21.5 3,3594 3.3594 3.3594
2.0 10.6 1.6563 3.3125 6.6750
2.5 8.5 1.3281 3.3203 8.3008

A These data are plotted in Fig. B-3.

These data are plotted in Fig. B-4.
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Fig. B-3. Landers tangential velocity response with trial RdT = 4050 Q.
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Fig. B-4, Landers tangential dis-
placement response with trial
RdT = 4050 Q,
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=

Asymptotic value of (fA/FssI) = 3,372 ¢ 0,015

w>>w
n

from plot (Fig. B-4) @ fn (fA/FSSI)m = 2,779 * 0,046

n
(fA/F_ 1)

J1 58 WPn | 3.372£0015 oo, oo

Np =3 TCeA/F_ 1) 3(2.779 = 0.046) © O =
58 ll)n
(Rd +R/T,
=h R + R

® + R/ = (ny ) (R, ar)

c T MMt T 0,707 -hy T

n

(0.6067 + 0,013 - 0.027) (4610)
(0.68) 40.68

= 96,6 *+ 2,0 /sec

a

2 2 (R + R
K5 = ami (28) (o) S
LN n

from plot (Fig, S) Ky = 93,1 + 1,1 N/A

Ratio of Coils

K
s _ 31.0 _
T ° 359 = 1.0032
d
K = 93,4% 1.1N/A
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Calibration Coil Constant

:r
¢ =-mo M 2 fA
I = -
< Pc's s |1 ! (]ss]) W
(w)
3 B = 3,372
(n\/lsﬁl)u»m! 3.372 ¢ 0,015
- (13,2) /714,07 11,13 5 TN ,
b = "6.76 \14.03) RN W) AR

4,94 * 0,09 N/A

Calibration Constant

Qm
C.C., = T
o}

= 13.2 11.13
6.76 4,94 = 0.09

mA-sec2

= 4,40 * 0,08
mm
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Appendix C.
Mina Station Calibrations

FORCE BALANCE TEST
STATION Mina INSTRUMENT Radial SN #4987
AEC LLL 216801
DATE 3~9-76

Coll Resistances
Lt Coil 571 Q
Rt Coil 572 Q
Cal Coil 63

Coil Inductances
Lt Coil 1,109 H
Rt Coil 1.019 H
Cal Coil 14 mH

Natural Damping

2 w(j - 1)\ 2
ho—ll[(EnAj/Ai) +1] i>1

or for h << 1
o

oo Lo (A/AD
o (j- i)

from plot (Fig. C-1) h0 = 0,0258
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100 . !
A,
- hx M0 <7A_J'>
Seismometer © T i Tn
(3-iln (sec)
R 0.0258 39.8
! T 0.0260 40.6
8\ 7
E\\\‘B::::o
Dio
a0
\O
E \\‘\o,\\~
I D~\\2
© .
T o XD —
bt
=
E o ]
<T
L )
2 _
1 | ]
0 5 107w

¢ — rad
Fig. C-1, Mina station. Natural decay of amplitude while in free perind.
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Generator Constants

lw Fwt
K= 9.8(1—)-—1—
[

L, " 17.0 in,
lc = 14,03 in. for signal coil
6,76 in, for cal coil
6 (M 2
e 75 (3) =5
Coil nm (g) I (ma) K(N/A)
Rt 50 4,28 92.48
Lt 50 4,25 93.13
Cal 5 17.89 4,59

Damping Resistance on Left Coil
2

0} .
Ry + R/T) = T~ 7m(0.707 = 1)
om (o]
(93.13)*

0.707 = 0.0958

0.00758

95,88 Q/sec
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FORCE BALANCE TEST

STATION Mina INSTRUMENT Tangential

Coil Resistances
Lt Coil 565 {
Rt Coil 565
Cal Coil 61 &

Coil Inductances
Lt Coil 1.048 H
Rt Coeil 1.063 H
Cal Coil 13 mH

Natural Damping

2 _ (] - D\2

h,=1 / [(Qv A /A ) + 1]
n j'7i
or for h << 1
0

— L (A /A

o (j - {7

from plot (Fig. C-1) ho = 0.,0260
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Generator Constants

n‘w Fwt
K= 9.8(-2:) ¥

¢ = 17,0 in.

=
L}

14,03 in. for signal coil
6.76 in. for cal coil

wirs
a

6 1
Foe = 2—5(%)'

Coil  m (g) 1 (ma)  KGY/A)
Rt 50 4,08 97.01
Lt 50 4,15 95.38
Cal 5 16.1 5.09

Damping Resistance on Right Coil

2
2 K2

S
L L 4mM(0,707 - h c,)

(R‘d + Rc)/'rrl =

(97.01)2
0.707 - 0,026

0.00758

104,83 Q/sec
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FREQUENCY RESPONSE TEST

SN #4987
DATE 3-11-76

STATION Mina INSTRUMENT Radial

System Scale Factor, Fss = xl x2 x3 KA
- @O(FFE) (o i) = 10T
Ryp = 3265 2 R, =571 Q h = 0.0258 T = 39.8 sec
v  fHzeua\? 2 HzZepy
£(Hz2)  I(uA)  A(mm) A/Fssl(m) FA/I'SSI(—-EA—-) £ A/FSSI(T)
0.01 600 13.4 54.362 0.54362 £.0054362
015 200 15.9 77.637 1,16455 017468
.02 19 92,7734 1.85547 . 0371094
.025 19.9 97.168 2.4292 . 06073
.03 19.7 96.1914 2.88574 ,0865723
.04 16.7 81.543 3.26172 , 130469
.05 13.8 67.3828 3,36914 . 168457
.06 11.7 57,1289 3,42773 . 205664
.06 600 35,1 57.1289 3.42773 . 205664
.07 30.3 49.3164 3.45215 . 24165
.08 26.6 43,2943 3.46354 . 27708
.09 23,7 38.5742 3,47168 . 312451
.1 21,2 34,5052 3,45052 . 345052
.15 14.3 23,2747 3.49121 ..'3682
.2 10.7 17,4154 3.48307 . 696615
.2 2000 35,1 17.1387 3.42773 0.685547
.3 23.6 11.5234 3,45703 1.03711
4 17.7 8.64258 3.45703 1.38281
.5 14.1 6.88477 3.44238 | RMS = 1.72119
.7 10.1 4.93164 3.45215( 3.465 *  2.41656
0.7 6000 30,8 5.01302 3.50911 | 0.026 2.45638
1.0 21.6 3.51563 3.51563 3.51563
2.0 10.7 1.74154 3.48307 6.96615
3.0 7.1 1.15560 3.46680 10.4004
5.0 4.2 0.683594 3.41797 17.0898

2These data are plotted in Fig. C-2.
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Fig. C-2, Mina radial velocity response with trial R, = 3245 Q,
dT
Tn- 39.8 sac.
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_T
Asymptotic value of (fA/FssI)m>>u = 3,405 ¢ 1,026
n
g, C-i 3 = 2,4292 4 0,
from plot (Fig, C-2) @ fn (fA/)SSI)un 2.,4292 4 0,03
(EAIF_ Y
-1 P UM 3465 20,006 iy g s
e =3 T(fA/F. D) 2(2.4292 * 0,03y 2T U
58 W
n
(R, + R /T,
(g = h) (R, + Rypd

R, *RIT = GFo7 - T

_ (0,713 * 0.015 - 0.0258)  (3816) _ .,
(0.707 = 0.0258) 39.8 - 06.73 % 2.0

o

2% (R, + R}

K2 = 4mt (=2 (n-n) e _ 4.
d 2 T
5 n

from plot (Fig. 5) Ky =93.25 + 1.0 N/A

Ratio of Coils

K
s _ 30.8 _
X < 310° 0,9935
d
K = 92.65+ 1,0 N/A
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Calibration Coil Constant

(fA,FssI)w>>wn

G
c

1

mo M 21

3

(

K

,465 + 0.026

( " )
[ = F__I
c's 8 IT(w)l 88 m>>mn

11.13

5

13.2) (14.07
6.76

.12 £ 0.1 N/A

Calibration Constant

c.c.

2

R

L
)

Ol::

c

6.76

13.2 ( 11.13
5,12 £

4,245 * 0,084

0.1

mA

14,03/ (92,65 £ 1.0)

2
sec

.
jul

m

42—

2w

(3,465 * 0.026)



FREOUENCY RESPONSE TEST

STATTON Mina IRSTRUMENT Tanpential SN #4992
DATE 3-11-76

Svstem Scale Factor, I‘s.-; = hl )(2 X \4

3
= (25"‘)(](':“\v“z) (}(.)g)": ]zr.u:,:;mv) = 1,026
RdT =3690 ! Rc = 565 0 h = 0,026 Tn = 40,0 sec
£z Ty Alom A/F%T(%) m/r-‘sst(“—z;‘T“\) ¢ sz/FSST(Hii—;\l‘-‘l)b
0,01 600 35.9 58.43 0.5843 0.0058431
L015 200 17.1 83.496 1.2524 .018787
.02 20,1 98,145 1.9629 . 034258
.025 21,0 102,54 2,5635 L 064087
.03 21.3 104,400 3.1201 . 093404
W04 17.3 B4.473 3.3789 .13516
W05 14.5 70.801 3.5400 17700
.06 12.2 59.570 3.5742 21445
.06 600 36.1 58.757 3,5254 .2115
.07 31.0 50.456 3.5319 L24723
.08 27,2 44.271 3.5412
.09 24.3 39.551 3.5596
.10 22.0 35.807 3.5807 .35807
.15 14.6 23,763 3.5645 +53467
W2 11.2 18.229 3.6458 .72917
W2 2000 36.2 17.676 3.5352 0.70703
3 24.2 11.816 3,5449 1.0635
b 18.2 8.8867 3.5547 | RMS = 1.4219
<5 14.5 7.0801 3.5400 3.561 * 1.7700
.7 10.5 5.1270 3.5889 [ 0,046 2,5122
0.7 6000 31.7 5.1595 3.6117 2,5282
1.0 22,3 3.6296 3.6296 3.6292
2.0 11.1 1.8066 3.6133 7.7766
3.0 20,060 24,2 1.1814 315449
5.0 14.1 0.68848 3,4424
:These data are plotted in Fig. C-3.

These data are plotted in Fig. C-4.
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~ 0.0 -
" ]
e f ]
j*.
w [ i
S~ - 4
<
o
& ]

2
A - 0.0308 +0.0005
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0.00] 1 1 1 N S B B 1
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Fig. C~4, Mina tangential dis-
placement response with trial
RdT = 3696 0.
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-3

Asymptotic value of (EA/FssI)m>>mn = 3,561 *+ 0.046

from plot (Fig. C~4) @ fn (fA/FssI)w = 2.501 + 0.04

n
(fA/F_ 1)
1 S Un 3,561 0.046 _ o1, o oo
Mt =32 T{fA/F_ D) 2(2.5 £ 0.04) RS
8Ss w
n
(Rd+RC)/Tn
(n. = h) (R.+R,.)
R+ R)/T. = 7t e dT
c d’’ 'n (0.707 ~ h) Tn

_ 0.711 * 0.025 - 0.026) (4255)_
(0.681) 20,6 = 103.4 % 3.8 Q/sec

="

|33 (R_+R))

2 _ om c d

Ky = lmM( .2 ) (n-h) -
s n

from plot (Fig. 5) K;=97.3£1.9 N/A

Ratio of Coils

K
s 35.2 _
< = 355" 0.972
d
K = 94,6 + 1.9 N/A
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Calibration Coil

Constant

fA/
(fA/ FssI)cu>>wn

«
[

mo M _2m f
LA K | F
§ ((.U) s

= 3,561 + 0,046

11.13

_(13.2) 14.07)

6.76 \14.03/ (94,

5.15 # 0.17 N/A

Calibration Constant

c.c.

mla&
nlz

[s] c

11.13

mm

13.2
6.76 \5.15 * Q.

6 * 1,9)

17

2
ec

= 4.220 + 0,14 DAsec
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Appendix D.
Kanab Station Calibration

FORCE BALANCE TEST

STATION Ranab INSTRUMENT Radial SN #4993
AEC LLL 216807

Date 4-18-76

Coil Resistances
Lt Coil 584
Rt Coil 580 Q
Cal Coil 64.2 Q

Coil Inductances
Lt Coil 1.3 H
Rt Coil 1.3 H
Cal Coil 23 mH

Natural Damping

2 _ m(i - i)\ 2
ho—l/[(knAj/Ai) +1] i>1

or for h° << 1

L (A /a)

Rt -G =D

from plot (Fig, D-1) ho = 0.0285



100 T T
, ]
- h ~ = .|< \J) T
| Seismometer NN/ T .
K (j-i) « {sec) .
i /N 5/10 _
a R 0.02E5 40,34
- o T 0.0285 39.96 T
9420 3/20
- e R 9,0423 52,08 7
u\ o T 0.0443 37.63
l D\ as2g 4,28
> o o R 0.0264 40.56 1
NGNS T 0.0273 39.95
8\%\.\- - e o e D
E
|
(0]
=
2 10}~
E -
E
g L
|
»
L _
1 4 r
5n 10+
¢ — rad

Fig. D-1. Kanab station, Natural decay in amplitude while in free period.
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Generator Constants

Q'w Fwt
K= ().8<T)T
¢
¢ = 17,0 in.
w
Qc = 14,03 in. for signal coil
6,76 in, for cal coil
6 (My_ 2
wt 4.‘5('2‘)" am
Coil o (g) I_(mA) K(N/A)
Rt 50 4,12 96.07
Lt 50 4.1 96.54
Cal 5 15.8 5.2
Damping Resistance on Left Coil
2
25 K2

(Rd + RC)/Tn

% ¢ 4nM(0.707 - h)
omn o

(96.54)2

0.00758 557 -.0285

103.97 Q/sec
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FORCE BALANCE TEST

STATTON Kanab INSTRUMENT Tangential SN #4988
AEC LLL 216802
DATE 4-18-76

Coil Resistances
Lt Coil 3578 Q
Rt Coll 580 Q
Cal Coil 63.9 @

Coil Inductances
Lt Coil 1.3 H
Rt Coil 1.4 H
Cal Coil 22 mH

Natural Damping

2 _ (i - i)\ 2
-1 [(E2) ]
n j'1
or for h << 1
[
L (A./A
h :__zl_ig_/_ﬁ
o (i - 1)

from plot ho = 0.0285



Generator Constants

K=9.8 Eﬂ).EEE
* lc I

L =17.0 in,

=
]

14,03 in, for signal coil
6.76 in. for cal coil

Fot Z?E (%) = % m

Coil mn_(g) I (md) K(N/A)
Rt 50 4,13 95.85
Lt 50 4.1 96.54
Cal 5 15.75 5.22

Damping Resistance on Left Coil

22 2

(Rq + RI/T, = T 5 TmM(0.707 = b
om [~]

{96, 54%

= —_(96.547)
0.00758 57367 - 0.0258

= 104.6 Q/sec
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FREQUENCY RESPONSE TEST

STATION Kanab TNSTRUMENT Radial SN #4993
AEC LLL 216507
DATF 9-2-76
System Scale Factor, Fss = x] XZ X3 XA
= (M5 5 () = oy x 107 B
Ryp = 3300 @ R, = 5849  ho=0.0258 T = 42,48 sec
uv hzeua ) @ 2 HzTouy \ P
X, f(H2)  I(uA)  A(mm)  A/F_T HK) FA/FSST(—WEK-> £ A/FSST(~1];——>
128 0.01 600  18.6 60.55 0.6055 0.006055
.015 25.5 83.008 1.2451 01868
.020 29,2 95,052 1.901 L01802
.024 30.0 97.656 2.344 05626
.025 30.0 97.656 2.441 .06103
.026 29.8 97.005 2,522 . 06557
030 28.8 93.75 2.813 . 08439
.04 24.7 80.40 3.216 L1286
.05 20.7 67.38 3.369 0.1685
.06 18.0 58.594 3.5156
.07 15.6 50,781 3.5547
.08 13.7 44.596 3.5677
.09 12.2 39.714 3.5742
.10 11.0 35.807 3.5807
.10 2000 34,6 33.789 3.3789
.15 23,1 22,559 3.3878
.20 17.5 17.09 3,418
.30 11.6 11.328 3,398
.40 8.8 8,5938 3.4375
L40 6000 21.1 6.8685 2.7474
.50 | 5.4362 2,7181
512 .50 2000  28.0 6.8359 3,418
0.60 23.3 5.6885 3.413

%fhese data are plotted in Fig. D-2.
bThese data are plotted in Fig. D-3.
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kGOO WA 0 128X  +1024X 2 1024X 4
F 2mA 128X v 612X 4
I 6 mA  £.128X + 4

+
0 ©09°°9°F g o o o V$$Hg?
. “ ]
L o 5/10 Tn = 40.34 sec
i 9/20 Tn = 42,48 sec
o +n = 0.707
1 1 L ! 1 1 1 Lol | L 11 L 1 L UL
0.01 0.1 1.0
Frequency — Hz
Fig. D-2. Kanab radial velocity response with trial RdT = 3300 Q.
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e Tn = 42,48 sec ]
2

A2 = 0,027 0.0005 ]
SS
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0.0 0.1

Frequency — Hz

Fig. D-3., Kanab radial displacement

response with trial RdT = 3300 &.
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X, £ (Hz) I(UA)  Almm) AF_ T fA/F, T
512 0.7 2000 20.0 4.8828 3.418
0.8 17.5 4,2725 3.418
0.9 15.5 3.7842 3.406
1.0 14,0 3.418 3.418
1.5 13.3 3.247 4,87
2.0 6.8 1.6602 3.3203
1024 0.5 600 17.8 7.2428 3.6214
.6 14.8 6.0221 3.6133
.7 12.6 5.1270 3.5889 ¥ RMS =
.8 1.1 4.5166 3.6133 | 3.609 £
.8 2000 34,8 4,2480 3.39847 0.014
0.9 31.2 3.8086 3.4277
1.0 28.0 3.418 3.4180
1.5 18.6 2.2705 3.4058
2.0 14,0 1.,7090 3.418
3.0 9.3 1.1353 3.4058
4.0 6.8 0.8178 3.2715

3The currents greater than 1 mA were incorrect by some unknown amount,
Therefore, the additional data was taken to confirm this supposition and to
get reliable data at the higher frequencies, i.e., 0.5 to 0.8 Hz.
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-3

Asymptotic value of (EA/FssI)w>>wn = 3,609 * 0.014

- ; = 2,2
from plot (Fig, D-3) @ fn (fA/TssI)w 2,294 % 0.042

n
(FA/F__T)
s8 WAdW,
1 n 3.609 ¢ 0,014 _
Np =5 ~CFA/T 1) 7(2.294 = 0.042) - 0+7866 + 0.018
sS (.Un
(Rd + RC)/Tn
- h R +R
@+ R/T. < (nT ) R, at’
¢ FRY/T = —GIoT o w) T

n

_ (0.7866 * 0.018 - 0.0284) (3884) _

(0.707 - 0,0284) 472,48 = 102.2% 2.4

[~%

[ (R +R))
Kg = 4TM ( °2m> (n-h) ——1115—11—
25 n

from plot (Fig. 5) Kd = 95,63 + 1.12 N/A

Ratio of Coils

K
s _ 35.3 _

T = 355 -0.99%
d

K = 95,09 1,1 N/A
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Calibrarion Coil Constant

G = lmgo bl 2n ( £A )
R
s s |T(m)| ss” fu>u

(fA/FssI)m>>w = 3,609 * 0,014
_(13.2) (14.07 11,13
€ = "6.76 14.03) (95.00 = T.1y 27 (3.609 £ 0.014)

= 5.20 + 0.08 N/A

Calibration Constant

L
o

L
o

13 2 ( 11 13 )
5.19 * 0.08

mA'sec2
mm

C.C. =

OIZ

= 4,181 x 0,055
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FREQUENCY RESPONSE TEST

STATION Kanab INSTRUMENT Tangential SN #4988
Date 9-2-76

Sygtem Scale Factor, Fss = Xl XZ X1 Xh

- 100 Hz\ (1.25 v\20 nm \ _ , o -5 mm
= () ) (-—————)( ) = Lx 10

5V 100 Hz/\T.25 v, mv
Rgp = 3300 0 R, = 578 0 h = 0,0285 T, = 37.63 sec
X W Hzaua | ? 2 Hzlepuv P
%, f(Hz) T(A)  A(mm) AI}SSI(;;T) fA/FSST<—7§r-> £ A/FSSI<——TIK—~>
128 0.01 600 16.9 53,011 0.5501 0.00550
.015 24,5 79.7526 1.1963 01794
.02 30.1 97.9818 1.9596 .03919
.023 31.7 103.19 2.37337 05459
.025 32,4 105,464 2,667 .06592
027 32.6 106,12 2.8652 07736
030 32,2 104.818 3.1445 09434
.04 28,0 91.1458 3.6458 .1458
.05 23.3 75,8464 3.7923 . 1896
.06 19.7 64,1276 3.8477 . 2309
.07 17.0 55,119 3.8737 L2712
.08 15.2 49,479 3.9583 ,3167
.09 13.4 43,6198 3.9258 0.3533
.10 11.7 38,0859 3.809
.13 9.3 30,27 1,936
.13 2000 28.6 27.9297 3,6309
.16 23.1 22,5586 31,6004
.20 18.8 18,3594 3.6719
.30 12.5 12,207 3.662
256 .10 25.0 12.207 3,662
40 18,7 9.131 3,652
.50 15.0 7.324 3.662
512 .50 29,8 7.2754 3.638
.60 26,7 6,03 3.618
.7 21.4 5,225 3.657
0.8 18.7 4.565 3.652

3These data are plotted in Fig. D-4.
h'l‘hese data are plotted in Fig. D-S.
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1w ouesx asix [} YT 1
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Frequency — Hz

Fig. D-4. Kanab tangential velocity response with trial RdT = 3300 Q.
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Fig. D-5. Kanad tangential displacement

response with trial RdT = 3300 @,
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Xl f Fss I(uA) A (mm) A/FSSI fA/FSSI
512 0.900  0.002008 2000 16.6 4.0527 3,6475
1.0 15.0 3,662 3,662
1.3 11.4 2.7832 3.618
1.6 9,2 3,59
2.0 7.3 1.782 3,564
2.0 600 2.4
2.0 2000 7.8 1.9043 3,808
1024 2.0 0.004096 14.9 1.818 3.638
| 3 9.8 1.1963 3.589
4 7.1 3.467
5 5.7 3,479
9/14/76
X, £ F_, 1) A(mm) A/F_ T £A/F__1 sz/FssI
128 0.024 0.000512 600 32.1 104.49 2.508 0.06019
.025 32,4 105.47 2.637 .6593
.026 32,5 105.8 2,751  0.07153
1028 .3 0.004096 600 31.7 12.90 3.870
b 23.6 9.603  3.841
.5 19.0 7.731  3.866 | RMS =
.6 15.9 6.470  3.882 ["3.863 %
.7 13.5 5.493 3,845 | 0.016
0.8 11.9 4.842  3.874

a'I‘he currents greater than 1 mA were incorrect by some unknown amount.
Therefore, the additional data was taken to confirm the supposition and
to get rellable data at the higher frequencies, i.e., 0.5 to 0,8 Hz.
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Asymptotic value of (fA/FSSI)m>>wn = 3.863 + 0,016

. ; - .
from plot (Fig., D-5) @ fn (EA/I‘SSI)uJn 2.815 *+ 0,038

(FA/F__T) .
1 S8 W 3.863 * 0.016
N =37 (EA7T__D),, 7(2.815 * 0.038)

n

= 0,6861 + 0,012

(R':1 + Rc)/Tn
(nT - h) (Rc + R

(0.707 - h) Tn

dT)

(Rc + Rd)/Tn =

- (0,6861 + 0.012 -~ 0.0273) (3878) _ A ae
0,707 ~ 00279 3763 - 99,89 * 1.8 Q/sec

a

[N (R +R)

KZ =4 M{2") (-0 e 47
d 22 T
s n

from plot (Fig, 5) Kd = 94,65 * 0.9 N/A

Ratio of Coils

K
s . 36.2 _

T % Fep - 1.003
d

K = 94,91 + 0.9 N/A
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Calibration Coil

Constant

(fA/FssI)w>>wn

G
c

=4

=3

+863 % 0,016

5

13.2) (14.07 11.13
6.76 (14.03 (94.91 * 0.9)

W57 = 0,07 N/A

Calibration Constant

C.C.

L

13.2 11.13
6.76 (5.5‘7‘ + 0,07

2
3,899 + 0,07 RAcwsec
mm
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Appendix E.
Elko Station Calibration

FORCE BALANCE TEST

STATION Elko INSTRUMENT Radial SN #4989
AEC LLL 216803
DATE 4-18-76

Coil Resistances
Lt Coil 580 @
Rt Coil 581 Q
Cal Coil 63,7 Q

Coil Inductances
Lt Coil 1.3 H
Rt Coll 1.3 H
Cal Coil 23 mH

Natural Damping

2 _ m(i - 1)\ 2
2o [(2) 4]
n j' i
orforh°<<1
. _Zn (Alei)
o (3 - )7

from plot (Fig. E-1) ho = 0.024
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Fig., E-1. Elko station. Natural decay in amplitude while in free period.
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Generator Constants
F.
w | _wt
K = 9.8 (E:‘) 1

L =17,0 in.
w

=

Ec = 14,03 in., for signal coil
6.76 in. for cal coil

6 M 2
Fe=735(3)=3m

Coil m (g) T (mA) R(N/A)
Rt 50 4.21 94.02
Lt 50 4,24 93.35
Cal 5 15.8 5.2

Damping Resistance on Left Coil

2
b S
Eolm 4mM(0.707 - ho)

(Rd + Rc)/Tn =

(93.35)2
0707 - 0.024

0.00758

94,94 Qfsec
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FORCE BALANCE TEST

STATION Elko INSTRUMENT Tangential SN #4994
AEC LLL 216808
DATE 4-18-76

Coill Resistances
Lt Coil 578 Q
Rt Coil 572 Q
Cal Coil 63.5 @

Coil Inductances
Lt Coil 1.3 H
Rt Coil 1.3 H
Cal Coil 23 mH

Natural Damping

2 _ n{j = 1) \2
ho 1/[(EnAj/Ai) +1] i>1

or for h° << 1

2, (Ai/Ai)

hs -G~ Dn

from plot (Fig. E-1) ho = 0.024
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Generator Constants
Qw Fwt
K= 9.8(]@;)-3—

Ew = 17.0 in.

Qc = 14,03 in, for signal coil
6.76 in., for cal coil

6 M 2
Fe=75(3)=%n
Coil m (g) I (mA) K(N/A)
Rt 50 4,15 95,38
Lt 50 4,20 94,24
Cal 5 16.4 5,01

Damping Resistance on Left Coil

2
1) K2

(R, + R )T = 45— e
a” %’ TR FmM(0.707 - h)

2
. (94,24)
0.00758 507 = 0.024

= 92,28 Q/sec
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FREOVENCY RESPONSE TEST

STATION Elke TNSTRUMENT Radiatl

Svatem Scale Factor, Fla = % %y Xy X

1 4

SV

. (2561(100 Hz) (

.25 v
100 Hz

SN #4989
DATE 8-20-76

Rd'[ = 3300 0 Rc = 581 Q h = (.024 Tn = 38.91 sec

. uv HzepA a 2 . sz'uV b
T taw aem (B fA/FSSI( < ) f I\/FSSI(T)
0.010 600 33.9 55.18 0.556176 0.0055176
015 200 14.7 81,543 1,2231 . 01835
N2 20.4 99.609 1.9922 . 03944
.N25 21.7 105.96 2.6489 .066223
W03 21.3 1N4.00 3.1201 09360
L04 18.3 89,155 3.5742 14297
.05 15,2 72.215 3.7109 . 18555
.06 12.5 61.035 3.6621 .21973
06 600 37.5 61,035 3.6621 0.71973
07 32.3 52,572 3.6800
.08 28.13 46,061 3.6849
.09 25 40.690 3.6621
W10 22.5 36.62 3.662
.15 15.0 24,414 3.6621
.20 11.1 18.07 3.6133
.20 2000 36.9 18.018 3.6035
.3 24.8 12.109 3.6328
A 18.6 9.082 3.6328
.5 15.1 7.373 3.6865
.6 12.4 6.0547 3.6325
.7 10.8 5.2734 3.6914
.7 6000 32 5.2083 3.6458
.8 28.2 4,5398 3.6719
0.9 25 4.0690 3.6621
1.0 22.3 3,662 3,6621
%These data are plotted in Fig. E-2,
b,

These data ara plotted in Fig, E-3,
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Frequency — Hz

Fig. E-2. Elko radial velocity response with trial RdT 3300 Q.
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Fig. E-3., Elko radial displacement
response with trial RdT = 3300 Q.
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-

Asymptotic value of (fA/FssI)m>>wn = 3.651 + 0.027

from plot (Fig. E-3) @ fn (t'A/FSSI)m = 2.732 + 0,039

n
(fA/F_ 1)
| S5 Wn _ 3.651% 0,027 _ o ot 0 01s
T 27 (tA/F__1) 2(2.732 * 0.039) 088 2
88 tun
(Rd +R)/T,
(n, - h) (R + R,

(R, + R)/T = z c _dI

e d’""n (0.707 - h) T

n

- (0.668 + 0.015 - 0.024) (3881)
(0.707 + 0.,024) - 38.91

o

T

LR (R, +R))

Kg = 47|'M< o m) (n-h) ._C__—_(.i_
2

% n

s

from plot (Fig. 5) Kd = 92,50 + 1.0 N/A

Ratio of Coils

K
s _ 30.0 _
X " 9.4 1.020
d
K = 93.93 +# 1.0 N/A
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Calibration Coil Constant

2%
m o

U ( fA )
c 22 = F_I
es s IT(w)l EE] w>>m“

~

=<{=

(fA/FssI)w>>mn = 3.651 * 0.027
L (13.2) [16.07\ _11.13
S =576 14.03) 93,93 £ 1.0 2"(3.651 £ 0.27)

5.32 £ 0,1 N/aA

']

Calibration Constant

lm
C.C, = 5

=2,
n!z

o] c

13.2 ¢ 11.13
6.76 (5.32 x o.1)

mA'sec2
mm

4.09 * 0.07
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FREOUENCY RESPONSE TEST

STATION Elke TNSTRUMENT Tangential SN #4944
DATE R-20-76

Svsten Srale Factor, F.;ﬁ = 3\'] !_,‘

- @0 (S5 i N o
RdT = 3300 7 R = 578 Q h o= 0,024 T = 19,76 ¢

AN o fnzena)® 1 Helepv) P

fiHz)  TA)  Almm) A/FS&I(;K/ fA/}gsl(—UK——> £ A/FSSI(—~HR——>
n.nl H00 2.0 52.246 0.52246 0.005246
L01% 200 16,7 81.543 1.22M . 01835
02 20 97,654 1.9531 .03906
.025 21,2 101.52 2.5879 064697
1 20,5 100.10 3.0020 . 090088
.04 17.8 86.914 3,476 L1391
.05 15.1 73.73 3.6865 . 18433
06 12.9 62.988 3.77a3 0.22676
L0? 11.2 54,688 3. H
.a7 Q00 30 48,828 180
.08 26.5 43,132 L4505
N9 23.5 3.4424
.10 21 3.4180
.15 14,5 3.5400
.20 11 3.5807
.20 2000 31 3.0273
$30 21 3.0762
WA 15.5 3.0273
.5 12,5 3,0518
.6 10.5 3.0762
.7 9 1.0762
W7 6000 20.5 3.3366
.8 18.5 3,0111
0.9 16 2.3438
1.0 15 1.0667

AThese data are plocted 3n Fi-. E-4.
bThese data are plotted in F.g. E-S5.
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10 T
o 8/20/76 Tn = 39.26 sec j
o 8/23/76 Tn = 39.13 sec
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1 1 o}
0.01 0.1 1.0
Frequency — Hz
Fig. E~4. FElko tangential velocity response with trial Rd’l‘ = 3300 Q.
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£ I A AlF_T FA/F_ T EZA/FSSI

1.5 6000 10 2.4414

2.0 7 2.2786

2.0 20,000 14 1.3672

3,0 9 1.3184%

4.0 7

5.0 5

g/23b T_ = 39.13 sec

0.020 200 19.9 1.9434 0.03887
.023 21.0 2.3584 .05424
.025 21.0 2.5635 .06409
.027 21 2.7686 .07475
.030 20.6 3.0176 .09053
.040 17.4 3.3984 .1359
.050 14.5 3.5400 177
.06 12.4 3.6320 L2179
.07 600 31.1 3.5433 0. 2480
.70 2000 10.1 3.4521

.70 6000 30.6 3.4863

.80 26.8 3.4896

0.90 23,8 3.4863

1.0 21.5 3.4993

rms = 3,490 * 0.006

an wiring error in the calibration chassis was responsible for the erratic
behavior on this test.

bThis test was run after the error was corrected. In the mean time the
period had changed due to setting-up of the epoxy used to glue down the
glass plates.

-78-



_I
Asymptotic value of (fA/FSSI)w>>wn = 3,490 * 0.006
o - [
Erom plot (Fig. E~5) @ f_ (EA/FSSI)wn 2,622 + 0,039
(FA/F_ T)
J1 S8 WX, _3.490 % 0,006 _ 0.6655 + 0.011
Nt =3 T (fa/F. 1) 2(2.622 £ 0,039) : =
885 wn
’\Rd + RC)/Tn
@ vy o TR Rty
c 4’ "'n (0.707 - h) Tn
. £0.6655 * 0,011 - 0,024) (3878) _
= (0,707 = 0.028) 35,13 - 93.1 % 1.6
K4

d 22 Tn
s

2 R (R.+R,)
&2 = am( 2 “'> by —S——4o
from plot (Fig. 5) K, = 91.6 + 0.8 N/A

Ratio of Coils

K
s _ 29.1 _
T - w7 1.014
d
K = 92.9 % 0.8 N/A
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Calibration Coll Coustant

g =-mo M 2T ( fA )
e 2R K = F I
c8s s ]T(m)] s8 m>>mn

(EA/FSSI)M>>mn = 3,490 + 0,006

<
u

_(13.2) (14.07 11,13
e = 76.76 \14.03)(92.6) 27 (3-490 £ 0.006)

5.15 + 0.05 N/A

Calibration Constant

lm
c.C, = T
o

_13.2 11.13
6.76 (5.15 * o.os)

2
4,22 + 0,07 BALsec
mm

MBB/in/vt,aj,jy/if
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