CHAD TER i

: IMSTRUMENTATION AND AMALYSI

.l Measyrement

in this research we meeosured the noturol low-frequency geomagnetic-
geoelectric oscillations. Fluctuation of the mognetic ficld is caused by interaction
of o beam of charged particles with earth's megnetosphere . The zlectiic field verio-
tiors in this case are caused by fluctuations in the carth's mogretic field. !nduced
electric currents flow in rocks and wc can meosure these electric field variations at

the earth's surfuce ,

I1.7-1 Magnetiec Field Measuring

The mezsuremenl of magnetic micropulsaiions is considerably more
difficult than the mecsurement of electiic ficld oscillaticns, Only in recent years
has equipment become available which makes it possible to detect sueh micrepuisa-
Hions of normal amnlitude. Magnctometers have been construetad based on ¢ variety
of physical piinciples. Four types have been used extensively up fo the sresznt time
ta study magnefic escillations; the maognetic belonce, the Hlux-gotz mugnetomster,

the induction ceil, and the proten precession magnetometer,

Of the four methods for measuring magnetic fleld variation menfioned
above, the magnztic bolence is the oldest and simplest device, but Is not sufficiently
sensitive for study of Pe 1 oscillation. Morecver, it is sensitive to temperature clianges,

seisinic accelerations, and locks sensitivity to short-period magnetic varisfions.

Flux-gote magretomeaters which are reodily availoble ond relichie
respond fo frequencies greater thon 10 Hz, end measure only that comoonent of the
ficld porallel to the core. Their discdventages are their high noise level, os compared

with some other tyges, and their temaercture sensitivity.

Proton precession magnetometers work on the principle of atomic reso-

nanze . They have a greot edvantage over the other types of magnetumeters in that
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the measurement of tha field strength is asolube, not subject to the many dnsertoin-
ties of mointaining calibration 1har piapue other tyoes of magreteneters. Pooton

g AP te o tored et s N tlﬂﬂb r-—_l_ H 1 I fer) 'Fdld | oc O
precossion maghotomeiars are the best for measuring Inng term field changes. ne
major disadventege is the complexity ond cost of the eauioment reauiied to obltuin an

accurate measyrement of the resonant freque-ncy.

Induction magnetometers differ from other thiee tyoes used Tn messuring
magnetic field variations in that they measure the rote of change of field strangth,

rather than the Field itzelf. From "Forcdey's law of induciion", the electro-rstive-
force (e.m.f.) induced in a coil of wire iz

\ e.m.f. = ﬂ?—
& po6az2

where ¢ is the mugnetic flux.

We will discuss this further in the noxt section. Induction coil magneto-
mefers can have either an air core or ¢ high permeability core. They huve almost the
same churacteristics, such as the ability fo megsure signels with maximum frequencies
more than 10 Hz and sufficient sensitivily to measuie variations of G.!‘}" {at 1 Fz).
induction coils with high permeability cores have an important disadvarntage that air
cored ones do not hove. This disodvenicge 1s hanmonic distortion which is generated
by induction coils with high permenbility. Air cored coils must be much larger for the
same sensitivity. Induction coll magnetometars are parficularly offeciive for messur-
ing geomagnetic oscillations 1n the freqguency range fram 0.1 to 5 i1z, a bond contain-
ing lhe subgroups Pe 1 and Pc 2 micropulsctions which we wanied to observe. We
decided to use induction colis with air cores to measure Pe 1 because they are less
expensive, effechive in [he rangs that we want to olserve, and it is gasy to find mater-

ials in this local, even though they ore heavy.

o, Description of Equipment (Coil}, The magnetic fluctuction field

memsuring cavinment comsists of three circular air-zore coils each with 20,103 turns
of AWG Mo, 34 vopper wire on g two-meter ciameter frome. The coils weie wound
semi-automarically by means of an electric motor and oulley arrongement {Figure 3
and 4). We divided the 20,100 tums iﬂ‘-‘cﬁ: leyers, each layer containing 207 turns.

;
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electrical arnish. When finished to 20,130 turnz, the comoloted windings were
covered with electrical tope, cpoxy resin and e Li-channet zlectrostatic shicld of
sheet coprer was olaced around the windings {Figure 5}, Wooden sides were added
for pretection, the coil again coversd with electrical tapc, and finally the whole
unit was peinted with epoxy resin to give a hard waterproof finish. Woterproofing
was done so the coils when emplaced could lie partially below the water table, a
possible consequence of their farge diamerer os well as the high water table in the
Bangkok arec. A rubber tire was added to the coil circumberence to protect ecch
ceil . A finished cail weights roughly 45 kg., making it too heavy ond bulky to be
corfied easily by two men, but two men can move it by rolling without much diffi -
culty . "These coils are sensitive to a runge between 20 Hz to 0.091 Hz . Electrica!
connzction belween e cail windings and the measuring circuit is mode via an
Armphenol M5 box receptacle (4 contact, socket type} mounted on the coll's inner
eircumierence where it cunnot be easily damaged. Pins A ond C are connected to
the start wnd the end of the windings, respectively, Pins B and D, shorted fogeiber
within the box receptokle, are termimals from the coil center top, and connect to the

greund of the measuring circuit.

One side of each coil is marked with a (+) sign te indicate that o
poasitive field change, d&/dt, in ithat direction will result in o acsitive voliages ar
Pin A. MNormolly the three coils would b sited with their axes mutually perpendi-
cular. We placed coils with their axes north-south, east-vrest, andd vertical to the
earth's moin mognetic field (the main magnetic field of the earth tilis 11.5° to the
rotation axis of the earth} malding the {+} side Tacing in north, east and dawnward os
in a right-hunded coordinate system. Unfortunaiely, it has been found that the sign
corvention wos reversed an coil #2, and when emplaced it should have its (+) side

facing south, west, or upward.

The cail design was hosed on C::urr:I{:ﬂ.:m::fl1i {1959 and others, and is

explained in more detail in appendix 1.

] Campbell, on. cit., p- 7.




FaBhe HI-1

and Held Yeitical in Frame

Cotl Characieristics, Coils Harizentel on Ground

Coil 2 | 3 4
N (Turns) 20,100 20,100 20, 160
R (k 0 ) 44 41 47
W, (radfs) | 185.3 (175.8p 251 (251) 128.8 (141.37)
fo (Flz) 29.5 (28) 40 {40) 21 (22.5)
L (henries) 734 (845 .5) 750.5 (517.5) 1922 (1124)
C nh 3% (35) 19.7 (27.8) 48 (41)
Q 3.1 (3.4) 4.6 (3.2) 3.1 (3.4)
n 1.77 (1.92) V.75 (2.63) 1.81 ¢1.98)

Mumbers in parenthesis refer to mecsured er caleuleted valves for the verticol
oifeniotion.

‘When the colls were finished we sterted to calibrate them. Table (-1
and Figures 4, 7 ond 8 show the observed and meosured cotl cha aeteristics. Calibra-
tion has shown that the resonant frequencies of these cofls vary frara 20 to 40 Hz, so
that, os the Frequenﬂes of interest 0.1 to 5.0 Hz, the coils stll benave os resistive

circuit element with resistances of 44 to 47 | ﬁ .

In theory the tivee coils should be identical but after construction,
the resistonce of sach differs slightly. This is believed due to poor guality conirel of
much of the wire that went into rthe coils. It was vlse found that inductonees and
capacitunces variad from coll to coil. Moreover, these coil consténts differed depend-
ing on whether the coil was lying flat on the ground or sunported vertically (cofl oxis
harizontol) in ¢ wooden frame duving colibration. Whsen lying borizental on the ground
the coi!l oppeared to have smaller inductancze, hence (3, than when vertical, o condi-
ton believed due to mutual coualing Betwesn the coils end ground. Hewcover, the
resonant frequency of the coils waos littie affected by coll orfentution., Cofl calitne-
Hon procedures were edopted dircctly frem Camposll {1959) with anly minor mndifice-

Hons (see apgendix 2).



b, The Megsuring Loesio. (ne encuit of msgnetic Neld messaning

is shown in Figuie Fo. The coil culaut goss to o calibraiicn-filter cirzuit (Figure 10)

vig a three-conducter shielded cable. The filter is o simple, balonced, four-sectian
|OW-;‘;CI"_5 filter to eliminate 50-40 Hz powsr—line end sferic pick up. The fleating
filter cutput is fed to a 'ow-gein (X1000) differential amplifier (Tektronix, Maedel
122} which, bacause of its extremely high input impsdance matching end also gives

good common-mode rejection .

At the beginning of this wark we memuied af the MRDC Electronics
Laboratory.* It is noisy test site, hence we found i necessary to include o 40 Hz
notch fiiHer following the precmplifier to reduce further the power-line frequency
(Figure’1Ta). We later moved test site fo the ASRCT TREND Site** and the filter
was modified fo noteh 50 Hz (Figure 11b); the aower~ling frequenay et TREND. On
the sutput side of the notch filter is a valtage divider which atfenuvates the signal
but which presenk o low input imagodance to the Astrodata 120 amplifier so that it
con operake quietly af high gain. A goin setiing of 5000 iimes for this owalifior is
usually selected. The signal from the emplifier goes to a recorder {Brush Maric 263,
six chonnels pupar chart recorder) and this is the lost step of the meosuring circuit of
Bongkok site. AF TREND Site the output fiom coil: poss Hwough inftial fow puss filter,
differential amplifier {Tektronix bModel 122), 50 Hz nolch filter, amplifier {Astrodsia
120}, pre-recording Tow pass filtor*** ond then the signal goes te recorder {Brush

Markf,?ﬁr{}]. This meosuring circuit is shown in Figure 9.

Figure 12 shows the circuir of the Pre-Recording low poss filter and
Figure 13 shows o detalled block diagram for ome channe! of the three magnetic ficld

measuring channels. Chasis grounding as shown in this figure is extremzly imgortant,

’ The MEDC Electromics Loborotory, Petehburl Hoad, Bomghkel uses 110 W,
40 Hz power line frequency.

" The TREMD Site, Sckaraj, Nzlkhon Ratchosimo uses 220 V., 50 Hz power
tine Frequency, :

* k%
At TREND Site there is high lavel of rolse ar 12 Hz, which came to
disturb these signals. - j



Deviahion frowm the sircngoment of signal loads and chasls grousding mighi 1osgit in

ground loeps and an intolerable nolse level.

As shown in the generalized Block divgram (Figure 9al, timing of the
chart record is accomplished by changing chart speed of regular intervals. Ceniral
for this operation comes from a freguency standard cnd divider circuit which cun be
progromimed ta cpen and clese a relay of regulor intervals. The normally epen relay
state cavses the chath mator to move at an operator selected slow speed; eithar 1, §,
25 or 125 men/minute . With ihe reloy ¢lased the chart spoed increcses by o focrar
of 60. For our purposes we found thar 1, 5 and 25 mm/second speeds are used allow-
ing us to meniter continuously yet obtain o good hourly sample of geomagnetic cativity
and conserve chart paper. At TREND Site the speeds ore 1 mm/second for 1 minute,

5 mm/second for 1 minute and 25 mm/secand for 30 seconds in every heur.

¢. System Frequency Responsc. System of froquency responss of

Bangkol site is determinzd primecily by the initicl fow poss filter ond Tekironix pre-
amplifier churacteristics and is given in Figure 14. Freguency response of &0 M=

notch filter and atternuater is shown in Figure 15, The expected coil cutpui in micro-
volts con be obtained by multiplying the average field strength in gomma {l'}(= 10_5_["}
by the frequency ef the excitulion signcl and by o geemognetic coil consiant which
depends on coil diamzter and numberof rurnz.{see Eq. 3in appendix 1), In cur case,
the coil constant is ebout 397 ond the expected coil output is given by Curve 1 of
Figure 18a. Multiplying this expected outpot by the system response [Figure 14) then

give [Curve 2] the relafive system sensitivity te Pe 2, 3 and Pe 1 micropulsatisns,

At TREND Eite the system of frequency response is determinad by the
initial low poss filter, Tektronix preamplifier, 50 Hz notch filter, pmplifier {Astro-
data) and pre-recording fow pass filter eharucteristics and shown in Fiaure 17¢ and
17b. In the same way wie con find the average field strengih in gomma. Figure 1éb
are shown the expected coil output in Curve 1 and average coil output after correciion

frequency response of the system already in Curve 2.



20

Thie cxpocted signod-to-noise ratlc can bo caiimarad from cuive 2
of Figure 16 and the calculated and meduvred noise lovel . Cne source of noise,
the thermal noise ievel generated by o coil under normal operating temperciures is

given hy:
4 L
WV ('LLv} = 1.25 x 10 7 (R x A

and Vn s less than | P‘_v even if the circuit resistance (B) is 2 or 3 MEL  because

As {the onerating bandwidih) s so norrow.

1 A more serious source of noise is the flicker and shot noise in the
input sfage of the Tekironix oreomolifier. We found thet of frequencies of interest
the noise amplituce increazes os - Meosurements have shown o 4 /l',i v (rms) noise
level (referred o input) is presentat 1 Hz, but, this noise level! is low encugh so as
not to sericusty degrade the mecsuremeat of Pe 1 picropulentions . However, becsusc
of the inverse relation batween frequency and noise feve!, in Pc 2, 3 microoulsations
would heve emplitudes grearaer than the amplifier nofse unless flicker noise is great]y
reduced. Qne opproach for doing this is to make three simple modifications to the
amplifier as described by Brophy in 1955 and used successfully by Campbell (1959,
It is reported that the flicker noise level is reduced by an order of mognitude ofter

Fhe moditicotions. Similar modificotiens are planned for our amalifiers.

Becouse the cails arc induclion magnelometers, Hie time derivative
of the mugnetic ficld is measured, net the field iiself. Integration of the signal could
be hardied clectrenically. This approach was not incorporated into the system. At
present, integration of the magnetic fieid is done numerically in one subroutine of
a comprehensive data analysis program that has been writfen for use in the 1esearch

progrom and discyssed in detail in the next section of this chapter.”

1i1.1-2 Electric Ficld Meusuring

Measuring the electric fisld caured by induzed currents consists of two
parts; the electrode, which measuras potential ot any point of ground, ond the measur-

ing ¢irguit, :
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a. E“thg_rpnarﬂE[_u__“rr‘:._isi:,.FL:J_:J Since Hie ecrrh's magratic
field is varying in time, currents may be induced in tie earth which cannot be ex-
plained in terms of the dirsct current Haory. We must reake vse of Mexwell's cqua-
tions, which toke into consicerstion the exisience of induction currents. Mogneto-
metfers require greot sensikivity in order to defect variations in the mognztic Held in

the order of tens of gammas with divnal periodicity, ond vaitations of the order of

tens of milligammas with pericds of a few seconds. The equipment for defecting voria-
tions in the eleciric fiefd con be less tensitive. Electrode separntion may be incracased
to compensate for lack of sensitivity and meosure the required amplitodes, 1n tropical
latitudes, it is necessary to be able to detect cleckic Nield oscillation emplirudes in
the rangs from tenths of millivolts o tens af millivolts per kilometer. [n meosurement
we yse electrodes which are designed to avoid variations in elecirode potential due

to tempzrature changes. A lead plote buricd in a shallow trench, ond moistened with
salt waler, is o good simple electrude. Electrads potential, which is the poteatial
drop between an electrode ond the electrolyte in contact with it, desends on temper-
ature for simple electrodes. Qur signals are veriations with meriods ranging un to
day, and in the long time of measurements, changes of temperaiure wiil have cceurred.
Ancther possible disadvantage of such simple electiodes s the requirermeat Tha! measure-
ments be made soon as lectrodes wre emnloced. There is some udvanicge o using nomi-
polarizing electrodes; electrodes which consist of ¢ metal immersed in a saivroied
solution of one of iis salts. Combinations commonly used ore copper electrodes in

solutions of copper sulfate and zing electrodzs in selutions of zing suifaie.,

In our measuremsnts of the Sanghkok site (MRDT Clectronics Labaratery}
we found that non-polorizing electrodes were suitable for electric varialion flelds
measurem=nt. We used the combinarion of copper eleetrodes in solutions of copper
sulfate. Each elechrode hos @ cooper rod immersed in & six-inch high porous aoreelain
"pot" filled with a saturated solution of copger sulfare. A rubber stopper seals the
pot and hold: the pretruding copper rod in ploce. Except arcund o smaall aree af its
base, the pot's exterior is costod with Silasiic RTY compound, to reduce leakoge of

copper salfate selution (see Figure 18a).

' Two electrodas, senorated by 200 meteiz, are buried 18~inchas drep

in covered holes, ond electrical contact betwozn elcctrode and ground is mointained
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by leakage of nopper sullaie seluiian o, e pores not. Tae eotentiol Lfferences

between the separeted clectredes are amzlificd ord recerded. Nomally bwo orthogenal

electrodz pairs are emploced, one pair north=south, e otner cast-wast.

Cin the other hand, for our meosurements at the TREMND Site we found
that o "iead plates" buried in o sha'low trench, and moistened with solt water ware
suitable elechodes for this situciion. Each lead plete has o surfoce wiea of chout BO
square inches and thickness of l— inch {(Figure 18b). We did not use copper eleztrode
because 11 was na! convenlent to refil! copper suliote solution in the jungle station like
TREMD Site. Ar this ctation we ploced two slectrodes Tn 130 meters aport. In measur-
ing elechric variation field two orthegonal electrode pairs are emploced, one pairin

north—-south ditection, and the other in east—west direction.

b. Meosuring Circuit. The equinment required for measuring 1he
g nr ; q £l

clectric field voriations sturts with two 2lectrodes. When signals go cut frem the

electrodes they poss through a infhial low poss filter o eliminale unwonted high fee-
quency signals frem the signal. 1n view of the small ¢hanges in voltoge which cre |
to be measured, the signal must pass through o Tektroniz 122 low-gein preamplifier,
and then to the Biush 240 recorder (Figure 2a}.

In a noisy location, such ws the Bungkok lest site, o &0 li7 notch
filter is added te thai e¢iveuit, At TREND Site when signals go cut from the electrodes
_ they pass through 33 Hz noteh liter, low pass filter, DC blocking and then to Brush
Mark 260, recorder as shown in Figure 19. And overall response of electric field

measuring system is showm in Figure 20.

¢. Equipment Housing and Transpor’FﬂbiHIy. Exceat for the coils and

electrodes, which must be buried, the equioment 13 housed in o smoll, windowless, but
air-conditioned aluminum van. The van is iransportasle. | was designed to fit snuggly
inta the bed of o 2-1/2 ton turck, ond tris may be taken anywhere the truck con travel.
For long-term ficld monitoring the van would be unloaded from the fruck, either by
means of a ferk—[ifi or an “A" frame with black and tackle. Figure 21 show the rack
mounted eguipment inside the insirument ven, and an exterior view ef the von ond

surreundings oFf TREND Site.
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Bonouse of their large size, the cofis novs 10 Lo frassawiicd by o

separate truck

L2 Analysis of Magnetie and Electiic Fields

The purpose of the analysis of geomagnetic disturbance fieid is to find the
amplitude, spectral characteristic, times of occurrence and polorization of Pe |
micropulsations. In this section we discuss the procedures used for onalysis, which
have been programmed in FORTRAN for rapid computer comoutalion end grashic

presentation.

[E.2-Y Bigilizing of Dota

The data is continuous and in this thesis our data is recorded in 24 hour
per.o day continvously one month. The first step in dato analysis is the process of
digitizing which consists of converting continuous duta into disereic numbears. Thare
are three things we must conzider, the first of which is selection of segments of data
that contain interesting details (Pe 1), The second is a selection of a sampling interval
B, We must choose At suffi ciently small te avoid aliosing errors™. Third, we must
ma'e sure that the number of somples is sufficient to make our 125ult significant (see

apgendix i1).

UIl.2-2 Data Filtration

Although the fields were electronically low-pass filtered orier to
recording, numbsrical filteining by meons of a digital computer is used to suparess
those frequencies not of immediate imterest or which obseure the importent informetion.
The effect of filtration is to enhance the frequency components selected foi further

stucy without cousing any phose shift tho! weald distari the data. The filter center

2 Bendat, 1.5., and Fiers;c:-i, A.G. 1246, Digita! Computer Teeknigues,
p. 278-320. Mecsurement and Analysis of Random duta. New York: John Y Loy
and Sons, v T T T

£



frequency (F ) ond poasezond w00 02 8 o0 chioen on ths bomis of ¢ wisunl nspeo-
u]
tion of the originol record . If the chysice! process is nof stationary, that is, the

spectral comoosition changes witn fime, each segment of the ariginal date may require
a scoorcte set of filter acrometers. The parometers F, ond A ore read in and the
approoricle impulse response function 1s caleulated. This function, i, when convalved

with the criginal data, i sroduces the filtered sutpout signol x ()

x M= ﬁ{'r)xi (t-7)dF

with the informalion in hequency bund of interest lefl undisturbed, The hig }is known
as the filter impulse response. MeyerhoFfa studies how o optimize, in o mean square
sense,?h{?‘}, whan h{ ) 15 finite in length. According to this enalysis, the filter we
use, which has unit goin within the pass bond and zere gain elsewhere, suffors from
the sacalled Gibbs'i ascillations when h{<F) is by necessity truncoted. That is, the
actual frequn-e:m:}f response of the filter has ¢ maximum 9% overshoot on either side of
tne filter cui-off flequency. These ascillations in the frequency resgonse cause slight
eirors in the outpui dota which we can ignore so long s the frequencies of interest
ore near ITU and not near Fo + i

The speration is the digital counterpert of elecitonic Nillering and is
vied to supnlement the low poss electrical filtering done prier to recording.  In foce,

digital filtering provides ¢ flexibility thal cannot be matched by electronic ¢irsults.

i .2-3 Integration of Filrercd Dara

If the data iy magnetic field irformotion, numerical integration of
the raw of filtered duta is necessary becayse the field derivative and not the field is
porametar detected aond recarded . [ntegration would not be required i f the data were

electric fizld information. After the integrotion step the field value is ;o{ﬂl

3 Meyerhoff, M.). 1983, Realizaiion of Shuarp Cut-off Frequency Chorae-
teristics on digital computers part |, 1. Geophysical Prospecling, XV{: 208-246.

Meyernoft, oo. cit. j
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The autocerreletion Emction™ for rendom dote describos the conerol

dependence of the values of the dota ot one time on the volues ot another time . The
fjunction is caleulated in preparation for obtaining the power spectiu of the field via

the Weiner theorem. The autocorrelation function 75 given in integrul form as
T
: = Iim x (B {tedr; g, b, 2, m
R (1) = i ROCRUT s IR & ;

T

when Tis number of tag. This exoression means thot the sum of logged products is

calculated ua to some maximum lag Tmux = m. The autecorrelation ittelf can estab-

lish the influence of values at eny fime over velues at a future Hime.

I11.2-5 Powar Spectrum

Power spectral density fune tion® for random dota describes the general
frequency composition of the dato in terms of the mean square value of the 1ecord in
discrete, narrow frequency ranges. An importont pioperty of the power spectral
density function lies in its relationshiz to the aufccorrelation furction. For stutionary
data the Fourier casine trensformation of the autocorrelation functien gives the power

spectrum density of the processed dola,
m

—r

G (n =4 j R (T )cos (2TrF4)d 7
[w]

This is the "rawe" estimate of Fhe frue volue of Gx{ﬂ' Spechium smoothing of the raw
estimates of the power spectral density is done by vorious techniques in order 10 reduce
the error in the spactral estimates. The technigue used in 1his work, coiled "Hounming",

is described in oppendix IV,

2 Bendot and Piersol, op. cit., p. 23.

S Bendat and Persel, op. eit., p. 23.
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1H.2-8 Polarization of ihe Yieldy

On important feature of the fields which is worth studying is iheir
oalarizotion. We con select any two components and plot them together in an x-y
ploi, e.y. Hx’ H ; Hx' HZ; and Ex, E . This is done to determine rhe feldt

direction and ellipticity and how these might change with time.

I11.2-7 Tke Step of Analysis

There are mony steps of anclysis, coch of which may be included or
not. For example, if the original data have high Frequancy nolse and we want the
power spéc’rrum ond polarization of Pe 1, we weald use all the steps exnlained in
this sectien. |f the original dota have only frequencies in the range of interest, we
con omit the Filtering step. The stzes of analysis depend on the original data and the

output information desired.
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