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STHTEMENT

This dissertation is based on the results from rocket-
borne magnetic and electric field measurements made from Thumba
Equatoriél Rocket Launching Station, India; Magnetic field
measurements were carried out using proton precession and
Rb. vapour magnetometers. The electric field and its fluctua-
tions were measured using the Langmuir double probe technique.
The data from the'ih-situ measuremenﬁs and the data from thé
ground magnetic observatories have been used to study the
diurnal and day-to-day variability of the equatoriél electrget
parameters, the effect of the depression of tﬁe mgln phase
of a magnetic storm on the electrojet, the joule heating
effect of the electrojet in increasing the electron tempe-
rature over that of the neutrals and the ac electric fields

assoclated with thelplasma instabilities in the electrojet

region.

The author was closely associated with the fabrication,
integration and pre-flight check outs of the rocket payloads
and in sétting up the ground Rb. maénetOmeter stations. He
developed the necessary data reduction systems, to reduce
the data from the rocket experiments. He has analysed the
data and interpreted the results, under the guidance of

Professor T.5.G., Sastry.



This thesis has been divided into 8 chapters. The
first chapter is an'introductionvto the study of the equatorial
electrojet and its effects. Chapter 2 deals witﬁ-the:rocket—
borne instruments uéed by the author and the data reduction
systems developed by him. The method of analysis'of the
rocket data and the various errors and uncertainties involved
in the analysis are discussed in chapter 3. The diurnal and
day-to-day variability of the electrojet parameters, as
observed by rocket-borne magnetoﬁeters and.theif relation to
the ground magnetic variations are discussed in chapter 4.
The effect of the main phase of a magnetic storm on the
electrojet 1is discgssed;in chapter 5. Chapter 6 deals with
the joule heating of electrons by the electrojet currents and
chapter 7 discusses thé results>concerning the electric
field fluctuations associated with the plasma instabilities

in the regions of the equaﬁorial electrojet.

The important conclusions arrived at from the present

study of the electrojet and its effects are summarised in

chapter 8.
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CHAPTER 1 ‘INTRODUCTIOH

.The Equatorial Electrojet:

\

It is now well known, that the equatorial electrojet

‘ ' : —_
is a band of intense current, situated in the E region of the
lonosphere above the dip equator. The current in the band‘“'”

flows eastwards during the daytime and in the night, current

- 1s small or negligible.

Abnormally large ampiitudes of the diurnal variation
of the horigzontal component (H) ofvtheeaarth's magnetic field,
observed at Huancayé, Peru, near the dip equator, by Johnston
and McNish (1937) led to the discovery of this phenomenon of
“the equatorial eiectrojet". Egedal in>1948 analysed the
daﬁé from a numbervof magnecic observatories operating at that
time near the dip equator, and found that the solar qulet day’
varlatlon Sq(H) is a maximum at the dip equator and falls off
on either side of the dip equator. Egedal suggested that. this
enhancement could be due to a varylng current, flowing in a
narrow reglon, over the dip equator. ~The abnormally large
Sq(H) observed at Huahdayo, was later found to be a global
phencmenon, by Chapman (1948), Pontier‘(l950),'Gulate (1950),
Giesecke (1951), Pramanik and Yegnanarayanan (1952),

Pramanik and Hariharan (1953) and Madwari(1953). The narrow



' layer of intense current, flowing over the dip egquator, res-
ponsible for the bbserved large amplitudes of sq(H) was named,

"the equatorial electrojet", by Chapman (1951).

Bartels and Johnston first reported in 1940, the
enhancements in the lunar semi-diurnal variation of the geo-
magnetic field L, at Huancayo. Similar enhancements of L in
the dip équatorial region were later found to be a global
phenomenon associated with the el ectrojet by Onwumuchilli and
BAlexandar (1959), Raja Rao (1962) and Rastoéi'(1964). These
results indicated that the electrojet is under the iniluence of

both the 8un and the Moon.

The cause for the enhancement of Sq(H) at the dip
equator was theoretically inveStigated by Hirono (1950, 1952),
Maeda (1952, 1953), Baker and Martyn (1952, 1953) and many

others. These investigators showed that the enhancement of

.

the eastawééfwéonductivity in‘avnaffbw region over thebdip
equator is the cause of therequatoriai electtojet. Cowling
(1932) had suggested that if the £low of Hall currents is
bPrevented by polarisation of the medium, then the effective
conductivity is enhanCed in t he medium. This suggestion

was applied to the equatorial ionosphere first by Hirono and
followed by Maeda and Baker and Martyn. These workers showed
that at the dip equator, where the'magnetic field is purely

horizontal, the Hall.currents are prevented by polarisation



of the medium and this enhances the effective conductivity in

LR —— -

the ionosphere over the dip equator. This enhanced conductivity
is respon51ble for the flow of the eQuatorlal electrOJet -

currents. The present understanding of the formatlon of the

equatorlal electrojet, is illustrated schematically in Figure

1.1,

- Conductivities in the ionosphere:

For the discussion and understanding of the diurnal
and day-to-day variability of ionospheric currents and conse=
quent magnetic field variations observed at the ground, it
is important to understand the nature of ionospheric condu-~

ctivities, their altitude distribution and time variations,

The conductivity in the ionosphere becomes anisotropic
in the presence of magnetic f£ield and the tensor conductivity

can be written as,

6”;3(3( . U:xy 6&1 |

I = | Bsx Gy Gy
-
Szx 623 Czz
where the current density Jd = T.E E being the electric

field. Under the eonsideration that, the s tratification in

the ilonosphere restricts currents to flow primarily in
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horizontal layers, the tensor conductivity reduces to,

T ngx. Cfiy
= T \-owy oy

where ‘39x :-*ffxy. The components of current density are
then given by,
:}—J(- = 6}1 Ex —+ 5*_1_\1 Ey

WT\/ - —7-5}y Ex 4+ Oyy EH_
When an electric field E, is parallel to the magnetic

field B, the conductivity is called the direct conductivity

or. longitudinal conductivity and is denoted as Op . This

is independant of the strength of the magnetic f£ield. When

an electric ‘field is perpendicular to the magnetic field, t he

conductivity is called the Pedersen cOnductAivity, Pedersen (1927),

and is denoted as Cy . 1In the case of crossed electric

and magnetic fields, there will be a flow ofi current perpendi-

cular to both the electric and magnetic fiélrds and this

current is called the Hali current.. This has the direction

of _1§ X E and the conductivity that becomes operative in

this cese, is called the Hall conductivity, 6, . These

conductivitieé are functions of the electron density, electron

an@ ion gyro-frequencies and their collision frequencies |

with the neutrals.



Consider a coar dinate system in which the x and y axes
colncide with the magneﬁic gouth and east rgspectively'ahd the
7z axis points vertically upwards. The magnetic fieldvis in
the zx plane and dips downwards with a dip angle I'. In this
case, the layer conductivities C;,xy 0,y and Oyy can be

expressed ih terms of the primary conductivities 65/ 6], and

0, as .
6—343(_ = CTD o / P
(3'3(.3 = O‘vo P S 1 /P _
~ s 2 Pt 2 2 .
6-\;)\:’ - {__616—0 Sinm I+ Lgy -5?0'2 ) Cf"ﬁl‘_"]/ P
A [ it . T 1 — - z
here | B = L G, SINT T + 6 ws 1]
At the dip equatof, the magnetic inclination I = O, therefore
Fux = (,5"0
Gj\j = O 2.
a.
Oyy = G+ —= = O3

- o,
C3 is called the cowling conductivity and it is higher than*ﬁl,

the Pedersen conductivity and Oy , the Hall conductivity.,
The cowling conductivity is responsible for the flow of the

electrojet currents.

The conductivities Ou, G, and G, have been calculated
as a function of altitude by various workers and notably by
Maeda and Matsumoto (1962). The time variation of the
- vertical profiles of these conductivities, taken from Maeda

and Matsumoto {ﬂMatsushita (1967)‘ is shown in Figure 1.2.
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The alt’tude profile of the ratio of GC3 /'O'l is d.so shown
in the figure. This shows that GE,/C; maximises around 100
km where (j; also maximises, and this region around 100 km,

is the seat of the electrojet currents.

Investigation of the equatorial electrojet:

The equatorial eléctrojet (EEJ) causes a wide variety
of interesting phenomena such as t he magnetic field variations
observed at the ground, the generation of plasma irregularities,
the joule heating of electrons and the atmospheric motor
effect in the F region. These phenomena have been studied

using ground based and in-situ techniques.

Ground ‘based technigquess: Some of the important gréund based
techniqueé used for the study of the equatorial electrojet,
involve £he use of the magnetometers or the variometers in the
observatories. These instrument s record the magnetic f£ield
variations continuously. The construction and performance

of these instruments have been discussed by Chapman and

‘Bartels (1940) and Alldredge {1967).

The VHF back scatter radar gives information on the

irregularity spectra, drift velocity of irregularities, winds

and electron, neutral and ion temperatures. The use of back
scatter radar in deducing these informations hes been dis-—

cussed by Cohen (1967) and Balsley (1973).



The HF ionosonde gives the electron density distri-
bution in the ionosphere upto the F layer peak and the spaced-
recelver technique gives information of the drift velocity
of the irregularities in the ionosphere. The spaced receiver
technique has been dismissed by Mitra (1949). The ionosonde,

a basic tool for the_investigation»of the lonosphere, has been
discussed by many investigators of the ionosphere. A neat

- description is given by Davies (1266).

In-situ techniques: The in-situ techniques involve the use

of rocket and satellite borne instruments. The rocket-borne
magnetometefs which are mainly the total field ones, of the
proton precession and Rb. vapour types,vgive informa tion
concerning the v ertical distribution of electrojet current
density. The electron density distribution and its fluctuations
are measured using a Langmuir probe. The Langmuir double
probe detector which uses the potential difference method

is used for detecting the electric field and its fluctuations
or in other words the DC and AC electric fieclds. Electric
fields are also measured in the twilight periods using
BariumAcloud releases. Winds in the atmosphere can be
determined uéing sodium cloud releases in the twilight

and lithium clouds in the day time. The conventional Langmuir
. probe used for the electron density measurement has been

sligh;ly modified to measure the electron temperatures in the



ionosphere reliabl?. The detaiis of these techniques, their
capabilities, limitations and achievements have been discussed
by various workers. Special mention may Dbe made of the exce~
llent review articles on these subjects; for instance Ness
{1970) on magnetometers, Mozer (1973) on electric field
detectors‘and by Smith (1969) on Langmuir probes for the

measuremnent of electron density and temperature.

Magnetic field variations:

The geomagnetic‘total field F observed at the ground
at any time, can be written in general as,

F=(M+m + {8g+ 1) + (D+ N)
where M is.the ecarth's main field and m is its secular
variation, both these are of internal origin. Sqg and L are the
solar and Lunar daily variations which are quiet day variations
of earth's magnetic £ield. D is the disturbance variation
which represents the variations due to magheticAstorms’and
other disturbance effects. N represents all non-cyclic
variaEiOns, which do not form part of otherAmagnetic variations.
The topics of interest here are the sg, L and D. 1In other
words the quiet day and disturbed day variations; especially

in the equatorial electrojet region.



Quiet doy variations:

The two important aspects of the quiet-day geomagnet ic
variations are the diurnal variation and its day-to-day varia-

bility. In the region of the electrojet the basic cause

' of these variations have been investigated by studying the

spatial and,temporél variations of the parameters of t he
equatorial electrojet. The H, 7z and D variations data from
the g round based observatories enabie us to study the variation
of some of these parameters with latitude, longitude and time.
The ground data can give the information regarding the
electrojet parameters such as t he s trength of tﬁeeakectrojet

as observed from the daily H range, the width of the electro-
jet and the nature of the variation of H and 7 with latitude.
Such data has been extensively used for the study of diurnal
and day-to-day variability of geomagnetic field. The in-situ
measurements give information‘regarding-the electrojet para-
meters such as the strength of the electrojet (height inte-
grated currentldensity), the vertical extent of the current
layer, thickness of the current layér and the altitude at which
the e lectrojet current maximises, which cannot be ascertained
by ground bqsed measurements., Hence these two modes of

studies are complementary to each other.

Ground based invesﬁigations: The results of the investi-

gations concerning the electrojet parameters in the quiet
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time, t .eir spatial and temporal variation, the relationship
between the electrojet and the mid-latitude S§g current systems
have been summarised by Onwumuchilli (1967), Raja Rao (1972)
and Kane (1976). Here, attention is drawn to some of the
important findings concerning the electrojet, which are of

particular relevance to this dissertation.

From the ground based measurements, it is known that
the eleptrojet strength, as obtained from the H ranges (Hmax—
Hmin) is maximum in the equinoxes. The nature of'variation
of the H ranges with latitude is symmetric with respect to
the dip equator, according to Forbush and Casavarde (1967)
while slight asymmetries have been found by Onwumuchilli (1959)
and other workers. The z variation shows a slight asymmetry
with respect to the dip equator. Onwumuchilli (1959), Hutton
(1967 ) and others have found that the degree of asymmetry
changes with season and also during the course of a day. TO
explain the z variation in the equatorial electrojet region,
Knapp and Gettemy {(1963) suggested an additional N-S flow
suﬁerimposed on the conventional S current system. Van
Sabben (1966) studied this north-south asymmetry in the Z
variation and interpreted the asymmetry as the magnetic effect
of an asymmetric current system in the ionosphere and the
magnetospherc. In his model, he proposed that the iono-
spheric currents flow from south to north along the meridian

and c lose through the magnetosphere, Such a current system
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will produce non-zero D component magnetic variation. Van
Sabben's hypothesis has been supported by Raja Rao and Joseph:
(1971). They computed the east-west toroidal magnetic field
under the electrojet, using the mean hourly values oﬁ.H and

D and found that there are meridional currents flowing from

south to north, as envisaged by Van Sabben.

Yacob and Khanna (1963) have shown that the half width
of the electrojet in the Indian zone during the IGY to be
290 km. Yacob (1966) has found that the half width in all
longitude zones in 1958 to be about 280 to 300 km aﬁd that it
does not exhibit change witﬁ season significantly. The
presence of day to day variability of the width of the
electrojet and the extent of its variation on a day to day
basis is an important factor to be considered in the evalua-
tion of the effect of.the EEJ at any station under the electro-
jet and also in checking the validity of ERJ deels proposed

from time to time.

Recently, the results from a study of data from a
chain of ground magnetic stations set up at chad in South
Africa, have bgen discussed by Fambitakoye and Mayaud (197 6a,
b,c). They have interpreted the frequent presence of certain
effects in the magﬁetic field variation data as due to
neutral winds. These effects have been found to vary.thrbughcut

the day and from one day to another. The results from these



12
analyses‘have been compared with Richmond'‘s model jﬁicbmond
(19735] by Fambitakoye et. al., (1976). In this, they point
out that at midday, the westward winds abovevlzo'km'altitude
tend to augment the current over the model -values. The effect
of westward wihds above 120 km in contributing to the electrojet

currents, was first suggested by Stening (1969).

Another important aspect Qf the geomagnetic field
variation in the electrojet region, is its relationship with
mid-latit ude variation., Price and wilkins (1963), Price and
Stone {(1964), Vén Sabbenl(l964), Mayaud (1965), Matsushita
and Maeda (1965), Hutton (1967) and others have suggested
that the equatorial electrojet is a part of the mid latitude
Sg current system, and that .+ results as 2 natural consequence
of the éonvergenca'of the mid latitude current stream lines
over the dip equator. If the electrojet is a part of the
mid latitude Sq current system, then the daily ranges of the
geomagnetic £ield variation, at different latitudes must
correlate wéll with each other. Onwumuchilli (1967),
Osborne (1968), Ogubuehi et. al., (1967) and others found
poor correlation between the daily ranges of an eguatorial
station and a non~equétorial station. From this, they
suggested that the electrojet may .be an independant current
system. If this is true, then it becomes necessary to

find the region of return currents.
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Oonwumuchilli (1967) formulated an empirical model,
Which includes the possibility of the electrojet return currents
a few degrees away from the electrojet axis. His analysis of
data from the electrojet and nearby regions indicated the
possibility of the presence of return currents around ¥ 5° dip
latitudes. The presencevof return currents have been envisaged
in the electrojet model of Sugiura and Poros (1967). One of
the rocket magnetometer £lights of Maynard (1967) detected
a reversc current, north of the electrojet, which he has

attributed to the return current.
)

Kane (1971) analysed the data from the Indian zone,
Vand observed that the quiet day H ranges at the equabérial
station Trivandrum and a low latitude station aAlibag show poor
correlation in all seasons. He also found that if corrections:

are applied for DS effects and the position of the northern

t
focus of the mid latitude Sg current system is normalised with
respect to the dip equator, then the correlation improved

very well, This improvement in correlation suggests that the

electrojet is a part of the mid latitude Sq system.

suzuki (1973) calculated the distribution of the
possible return currents and concluded that the magnetic
effect of any such return currents 1s negligible., A close
chain of magnetic stations in the eléétrojet redion may

resolve the problem of return currents, as suggested by
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various workers from time to time. So, the problem whether
the electrojet is an independant current system or a part of
the mid latitude Sg current system, remains open for investi-
gation. Meanwhile theories for an understanding of the nature
and behaviour of the EEJ have'been worked out by some investi-
gators treating EE& as aﬁ independant current sYstem {(Sugiura
and Cain l966>, Untiedt (1967), Sugiura and Poros (1969) and
Richmond (1973) and by some others (Schieldge et. al;, 1973)
treating it as a natural consequence of the global dynamo

generated Sg current system.

Day-to-day variability: The H ranges especially in the

electrojet region exhibit large day~tdfday variations even on
magnetically gquiet days. Several causes for this day-to-day
variability have been suggested by Various workefs. ‘Bartels
and Johnston (1940), suggested that the day to day variability
could be due to the influence of L variation. The modulation
of the solar quiet day variation by thé‘L variation can give
riée to this day-to-day variability. But, the H ranges even

on two consecutive days may vary by a factor of two, especially
ig the electrojet region. Thig shows that the lunar modu- |
lation cannot fully account for the large day-to-day varia-

bility in the electrojet region.'
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The day-to-day shifts in the Sq focus position was
first reported by Hasegawa (1936, 60). He also pointed that
the changes in the position of the focus could be due to changes
in the wind patferns. Hutton (1967) suggeéted that such
shifts may influence the H ranges in the electrojet region,
Kane (1974) investigated the relation between.the sq focus
pOSitioh ahd the electrojet strength and found that, on an
average, the electrojet strength was higher when the Sg focus

shifted equatorwards.

A possible connection betwéen the day-to-day variability
of the H ranges in the electrojet region and the.ionbspheric
dynamics was first suggested by Dunford (1967) and later‘by
Akasofu et. al., (1969), McDoughall (1969) and Rush and
Richmond (1973). Matsushita (1973), after a detailed study
of this problem suggeéts that height varying winds, similar
to (l,l)’méde give rise to considérable effect on day-to-day
variations in the near eguatorial geomagnetic field. Obayashi
and Maeda (1965) have drawn attention to the inevitable motor
effect in the F region due to the atmospheric dynamo in the
E region. They have pointed out the importance of combined
‘study of B and F region dynamics for ihterpreting the observed
éhanges in ionospheric parameters. Dunford (1967) using the
Alouette I data, showed that the magnitude of tﬁé equatorial
'anomaly and the H ranges in the e lectrojet region, correlate
well. Akasofu et. al., (1969) have suggested that this day-

to-day variability may be due to changes in the electric field
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of‘which the so called "bite-out phenomenon' may be an appro-
priate measure. They have supported this hypothesis with
examples., Kane (1972) has found that the daily H ranges . Of
quiet days did not correlate well with the solar radiation
parameters, the 2800 MHz flux, or the X—:ay flux (44—6OOA)

or the sunspot number. He also found that the daily H ranges,
correlated well with the noon-time E region drifts, the.bite—
out of foF2 and associated with the changes in h'F2. The
results of these studies suggest an intimate relationship
between the changes in E and F region winds (ana consequent ly

the electric fields) and the variation in the daily H ranges.

Sastry (1973) suggested that under certain special
conditions, the formation or disappearance of a second current
layer around 130 km, could be a cause for the day=-to-day
variability. The role played by thé-second current layer

however has to be established by further in-situ experiments.

Another contribufing factor to the Qay—to~day Varia-
bility is the effect of the counter electrojet, Gouin §l962)
noticed several instances where.the daily variation of H at
Addis Ababa (0.5% dip latitude), reversed around midday hours,
on magnetically quiet days; Since then, many workers have '
4inv estigated this phenomenon. Gouin first attributed this
reversal to the lunar effect. If this is true, tﬁe L effect
must be felt at all longitudes. But Rao and Raja'Rao (1963)

found no evidence of a lunar effect on their records of
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TrlvanC“um at the same period when it was observed at Addis
Ababa. This shows that the effect is limited in longltudlnal

extent. .

oYin;oye (1970) found that g _g disappeared during the
counter electrojet periods. The ionospheric drift measurements
of Rastogi (1973) indicate the reversal of the direction of
flow of electrojet currents during c¢ertain times when counter
electrojet is observed. Cain and Sweeney (1973) and Kane
(1373) have interpreted the result from one of the passes of
POGO, as due to the counter electrojet. However, thereAare
no direct in-situ measurements concerning the natumw of flov of
ionospheric currents during the periods of counter electrojet.
The counter LlectrOJet effectvvhen present modifies the diurnal
variation and introduces changes in the diurnal amplltudes
and hence contributes to the day—to~day variability in the
H ranges in thé electrojet region, The cause of the counter

electrojet is not yet established.

Apart from these ilonospheric effects, a magnetospheric
contribution of 20% to the day-to-day variability has becn

suggested by Olson (1970).

In-situ measurements of the equatorial electrojet: Vestine

et, al.,, (1947), in an.effort to find substantiation for the
dynamo theory, first suggested the use of rocket-borne

magnetometers for the direct measurement of ionospheric
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currents. The pioneering flightsxyere conducted by Singer

et. al., (1951) near the dip eguator. These flights showed
the presence of currents in the ionospheric E region. Cahill
(1959) investigated the electrojet over the central Pacific.
andvfound~a current layer around 100 km and another one near
120 km. This was the first time, in which the verticél distri-

bution of the electrojet current density was obtained.

After this, a series of rocket-borne magnetometer
experiments were'conaucted from Thumba, India, by Maynard et.
al., (1965) and Maynard and Cahill (1965). During these
e‘periments, the rockets reached an apogee of 160 km. and
p[hetrated the current layer fully. A better calculation
of the trajectory and the aécurate measuremént of magnetic
fields during these experiments enabled them the determination
of the v ertical distribution of the electrojet current density
to a higher degree of accuracy than-bheir previous experimenté.
The results from the Indian f£lights showed that the e lectrojet
is an intense current layer centefed about 109 km altitude
with a mére diffuse fail extending upto 135 km. The occasiona;
existence of a second current layer around 140-145 km was
detected. A night time f£light did not detect any appreciable

3

currents that can produce a magnetic field of more than 10 nT.

In 1965, a series of rocket magnetometer flights were |

conducted from the s ea vessel USNS Ccroatan, off the coast of
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Peru. The results from t hese flights have been presented by
Maynard (1967a). These experiments detected the electrojet
with maximum current ders ity at 109 km and extendirg upto 135
km. No reverse currents were found on the flight at the time
of maximum negative effect of lunar current system{ North of
the dip equator, the low latitude 84 currents were found to
have a two layered structure, one at 100 km and the other at
120 km a2ltitude. A reverse current, which may be a-partia;
return current from the electrojet was observed to the north
of the electrojet at the altitude of 109 km, which corresponds

to the altitude of the genter of the electrojet.

The latitudinal profile of the electrojet strength
was investigated by Davis et. al., (1967), with the data from
rocket launches from the sea vessel USNS Croatan, in the south
American zone. A normalised latitudinal crossQSection of
ionospheric current densit? was obtained using the data from
peruvian ground stations and the results of nine rocket f£lights
distributed between 140 km south and 1100 km north of the dip ’
equator; The lower boundary of the current layer was found
to be at 87 km altitude and the peak around 107 km directly
above the measured location of the.dip equator in the region.
The half thickness of the current layer was about 12 km (102~
114 km) and half width was around 300 km. The latitudinal

profile of the current density near the dip equator obtained
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by the above experiments indicated that the layer conducti-
vities Oy, and Cﬂﬂ; affect the electrojet configuration and .
also that the eléctrojet distorts the magnetic field sufficien-
tly to affect the layer conductivities. Using the observatory

magnetic data and the rocket measurements, they found the

/H

induced

night time rocket flight on the dip equator, detected a weak

ratio of H = 0,3 for this region. A

ionospheric
westward electrojet. A noon time flight on the geographic
equator, detected a current layer around 115 km altitude

which could be the current layer of .the mid latitude 89 system,

The equatorlal electrOJet has been studied uSlng
rocKet-borne cesium magnetometers from PerUVJlth the help of
tle sea vessel USNS Croatan by Shuman (1970). A set of four
rocket flights were conducted in this campaign in 1965. A
rocket magnetometer flight conducted at the dip equator during
the maximum of electrojet effect, detected currents between
96 and 130 km with peak current density of 13.5 amp/km2 at
106 km. A second flight conducted at the dip equator during
the night time did not detect any ionospheric .current effects
within a resolution of about 5 nT. Two oOther flights were
conducted in the region around +5° ang -5° dip angles. The
vertical dlstrlbutlon of current denSlty observed at these
places indicated a north*south asymmetry in the equatorial
electrojet, fitting a wide current model to the north of the

dip equator and a narrow one to the‘:south.
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Apart from the rocket borne magnetometer investi-
gations, the electrojet has been studied using low altitude
satellites such as the POGO and the Kosmos 321. The results of
POGO measurements have been summarised by Cain and Sweerney
{(1973). On certain passes of POGO over the equatof Cain and
Sweeny.haVe obtained clear records of the effect\Of the
equatorial electrojet, while on some others they have obtained
complex triple V structure magnetograms which have given rise
to the speculation, that these structures are due to an east-
ward electrojet embedded in a regional westward current flow.
The in~-situ rocket measﬁrements conducted so far however
have not encountered any such system. The magnetic data from
POGO passes over the equator have been correlated with the
data from ground.station, for different longitudinal zones
by Kane, Yacob and Bhargawa, Gouin, Osborne and others. _The‘

results have been reviewed by Cain (1973).

The Kosmos 321 results have been presented by Dolgi=
nov (1972), in which he has given the magnetic signatures
of the eleétrojet taken during two of its'paéses over Thumba.
He has correlated the observed effect with A H at Trivandrum,.
The half width of the EEJ estimated by him from the Kosmos
measurements is 205 km, which is quite small compared to
300 km calculated by Yacob and Khanna (1963) for this region.

Smaller layer width needs a lower depth for the conducting
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layer to bring the satellite observed effect of EEJ into
agreement with ground measurements. Dolginov estimates the

depth of the conducting larger as 125 km, which again appear

o be tbo low for this region.

Disturbance Variations:

our knowledge of the enhancements of the disturbance
effects in the electrojet region comes mostly from ground based
studies. The results have been summarised by Bhargava (1969).

The effects in the electrojet region, of extra terrestrial

- origin, have been reviewed by Obayashi {1969). The solar flare

offect (sfe) on the geomagnetic field, the geomagnetic impulses
and pP2 associated magnetic field variations are some of the
important effects prominently recorded at the electrojet
étations. The enhancement of the SSC and the initial phase

of the magnetic storm in the electrdjét region have been
studied by Farraro and Unthank (1951), Sugiura (1953){>Yamura
(1954), Chapman and Raja Rao (1965), Nishida et. al., (1966)
and others. The only result available from in-situ measure-
ments of the effect of’the magnetic storm on the EE&, forms

the subject matter of Ch. 5 of this dissertation.

Irregularities in the electrojet regions

Extensive studies of the irregularities in the electro-

jet region have beewn carried out using the grouﬁd based VHEF
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 back scatter radar at Jicamarca, Peru. The small scale type 1
irregularities, identified by Cohen and Balsley, are produced
by two stream instability and the type II bythé crossed field
or gradient drift instability. The results of the study of
these electrojet assoclated irregularities have been summarised
by Cohen (1967). The electron density f luctuations assoclated
with the plaéma instabilities in the EEJ have been investigated
using rocket borne Langmuir probes from Thumba by Satyaprakashf
et. al., (1973). The important conclusions of the study of

the irregularities using rocket borne Langmuir probes and the
back scatter radar have been reviewed in Chapter 7 of this

thesis.

The first attempt to detect the electric field fluctua-
tions associated with the plasma instabilities in the electrojét
region, was undertaken at Thumba in 1972. The experiments
were repeated in 1973 and 1975. AC electric field, eléctrojet'
current density, electron density and its fluctuations were
measured on néar simultaneous basis, during the experiments
of 1972 and 1973. Simultaneous measurements of AC electric
field, electron density and ité fluctuations were doﬁe in
1975. The results from these experiments, concerning the
AC electric field and the eléctrojet current density, are

presented in Chapter 7of this dissertation.
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Joule heating of electrons by the electrojet currents:

The rate of erergy input by the solar EWV radiation

around 100 km is of the order of lO_7erg/cc/sec. Kato (1963)

- suggested that ther ate of heat input by the electrojet currents

is of the order of 1O~9 to lO-8erg/cc/sec and hence they can
preferentially heat the electrons such that the kinetic témpe~
rature of electrons will be increased over that of neuﬁrals.
This is investigated experimentally for the first time, using
simultaneous measurements of electrojet current and electron
temperature from Thumba. The result of this study is presented

in Chapter 6.

Statement of the Problem:

As can be seen from the above description, the in-situ’

investigations carried out sO far, for the study of the EEJ,

have been oriented to the study of vertical distribution of
electrojet current density, the strength of the current‘in

the jet, the altitude at which current maximises, the latitu-
dinal distribution of current density andthe night time
currents in the Jet region. The results available are méstly
from Thumba (India) and Peru (USNS Croatén). Using the datav
from these investigations,vattempts have been made toO

reconcile the rocket measurements of current density with

that estimated from the magnetic variation observed at theg
ground. The data has also been used for verifying the electro{

jet models proposed from time to time.
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As stated earlier in this chapter both the ground based
investigations and the rocket investigations have advantages
of their own, hence these two modes of investigations are
'complementary to each other. Only a combined ground and
in-situ study can solve the problems associated with electrojet
and its effects. wWith this in ﬁind, several ;xperiments were
planned and carried out during the period 1966-1976, for an
understanding of the phenomenon of ERJ and itS‘effécts. Us ing

the data from the above experiments, the following problems

are studied:

1. The nature of the diurnal and day—toFday vériability
of the electrojet parameters with a view to find the
reason for the diurnal and day-to-day variability of
H variation observed at the ground,

2. Using a simple modél, whether it is possible to
reconciie the rocket measured EEJ intensity with that
estimated from ground based observations?

3. On magnetically dquiet days, given the magnetogfam
from a station under the EEJ, is it possible to
predict the vertical distribution of current density
in the Jet at any time of the day?

4, Wwhat is the effect of the main phase depression of a

magnetic storm on the electrojet?
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5. .~ Can the joule heating of electrons measured by an
in-situ probe account for the theoretically estimated
joule heating effect?

6. Does the .sﬁabilisation of plasma instabilities in £he
electrojet, on high jet days, modify the cﬁrrent distri-
bution in the Jet?

7. | can the electric field fluctuations associated with
the plasma instabilities in the electrojet region be
identifiéd? what are the spectral characteristics

of these f luctuations?

_The data for the above study hés been derived from
rocket-borne experimeﬁts conducted from Thumba, the details
of which have been Summarised in Table l.l. The results from
the above studies have been presented in'éhapfers four, five,
six and seven. In chapter eight the conclusions of the study

have been summarisede.
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CHAPTER 2 » INSTRUMENTATION

In this chépter, the instruments used for the investi-
gation of the equatorial electrojet have been described. The
chapter is broadly divided into two sections; the first one
deals with the instruments used for the magnetic field
measurements - and the second deals with the ones used for

electric field measurements.

The magnetic field measurements were carried Qut using
Proton and Rubidium magnetometers. The basic princi?les of
operation of these instrumeﬁts and the problems involved in
getting the best performance‘from these instruments when
used for in-situ measurements, bave been discussed. & short
description.of the system ﬁsed‘for reduction of data from

the rocket magnetometers has also been given.

At the end of section 1, the experimental set up of
a typical ground magnetometer station, which was opérated
as a ground support for the rocket launchings in 1972, is

described.

The section two deals with the techniques of electric
field measurements in the ilonosphere. The Langmuir double
probe technique, which is particularly suitable for the

study of electrie field fluctuations, is described in detail.
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This section also includes the description of a data reduction
system developed for reducing the electric field data from

the flight.

Magnetic Field Measurements

The Proton Precession Magnetometer:

Principle:

If a hydrogenous liquid sample, liké water, or Kkerosenhe
is subjected to a strong external magnetic field, all the
protons in the sample, will align their spin axes with this
external magnetic field. Now the sample is said to be pola-
rised. The applied external field is called the polarising
field Bgf If the polarising field is suddenly removed, all
the proténs in the sample will tend to align their spin axes
with the ambient earth's field B. In doing so, they will
precess slowly around the earth's field till they realign
themselves with the ambient field. If a suitable pick up
coil is used around the sample, the precessing protons would
induce in this pick up coil an voltage whose frequency is
equal to their precession frequency. By méasuring the
freguency of the signal induced, the scalar magnitude of

the earth's field can be obtained from the Larmor relation,

27‘(} :7"{[:»3 cel (1)
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where £ is the precession frequency and 3; is the gyro-
magnet ic ratio of thepmotons. For protons in wateg5P=(é.67513 T

o.OOO%)x 108 radians/sec. tesla.

In practice, the same coil which is used for producing
the polarising field is also used to pick uEﬁEEE,E%QEalO The
sample is enclosed within a solenoid and this solenoidal coil
is switched alternately between a polarising supply and a

high gain amplifier. The signal voltage induced in the pick

up coil is given by

Nz 478KNAX B,,' B ;&P sin*e. sin(¥,Bt). @xp[_t/ﬂ} o
. . - 2 * e

where K = £illing factor, N = number of turns, A = area of
cross section of the sample, X = paramagnetic susceptibility
of the protons in the sample, t = time in seconds and © is the:

angle k tween the polarisinj field and the ambient field.

It can be seen from the above equation, that there will
be no signal when Bp is‘parallel to the earth's field (6 = 0°)
and the signal_is maximum when & = 900. The equation also shows
that the signal is a sinusoid whose amplitude decays expo-
nentially with a tim§ constant T2. wWater and Kerosene have

large decay times and therefore are suitable liquids for

sensor construction.
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In order to get good signal from Proton magnetometer,
it is necessary to take a few precautions. -The polarising
field Bp must be stronger than the earth's field B, so that
the protons in the sample essentially éee Bp and align with
it. Also, _the polarising field must be maintaiﬁed for a time
greater than Tl',the thermal relaxation time, to make sure
that all the protons will completely align themselves with
the polarising field. _ The polarisation field must then be
‘removéd in a time shorter than the spin relaxation time Tz,
so that the protons precess freely under the ambient magnetic
field without undergoing quick adiabatic decay. Aanother
important factor is the magnetic field gradien£ within the
sample. _In the presence of such a gradient, protons at
different parts of the liquid preéess with different fre-
dquencies. Because of this incoherence in precession no
measurable signal will develop across the pick—up‘coii. In
rocket mmyloads, to avoid such a grédient, the sensor is
mounted well away from the main body of electronics and a

fibre-glass nose cone is used instead of a steel nose cone.

Packard and Varian (1953), Waﬁers (1955), Waters and
Francis (1958) and many others have instrumented proton
magnetometers for ground based measurements. A miniaturised
version of the ground based system has been adopted for the

use in rockets with certain modifications to suit the rocket




2.1.1.2

31

environment and the requirements of particular measurement.
The design, construction and performance of such magnetometers
have been discussed by Cahill and Van Allen (1956), Sastry

(1964) and Maynard (1967b).

Payload design:

The block diagram of the proton magnetometer payload
and a picture of the completed units are shown in Fig. 2.la
and Fig. 2.2 respectively. The magnetometer consists of a
sensing element, a DPDT relay controlled by a programmer, a
polarising supply{ a pre-amplifier and a tuned»main amplifier.
The oﬁtput of the main amplifier modulates an FM/FM transmitter
through a mixer amplifier and this is telemetered to the

ground.,

The sensing element: A rigid fibre-glass bottle of 9.5 ams

length and 6.5 cms diameter is filled with well filtered
Kerosene and then sealed. A solenoidal coil of 700 turns
of # 16 SWG super enamelled copper wire is wound over the
sample in multilayers. This system is carefully shielded

from electrical noise pick up from the environment using a

thin, printed copper clad fibreglass board. The sensor

thus prepared is rigidly mounted on an ebonite pedeétal and
potted with a high density eccofoam. The sensor is then

enclosed in a fibreglass'gaurd to protect the potted sensor
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FIG. 2.2.

FIG. 2.3.

FIGURE CAFTION

Completed units of the pre-amplifier and the

main amplifier of a proton precession magneto-
meter rocket paYload, showing the details of the
component layout on a printed circuit-board.
Non-magnetic cannon connectors are used. The box

with battery cells in it is the main amplifier:

A completely integrated Nike-Apache payload of

proton precession magnetometer and Langmuir probe.

The proton magnetometer sensor is mounted on the

top-most circular deck, well away from the‘main
body of electronics. The transmitter and the
DC/DC converter are enclosed in the mating section
at the bottom. The turnstile antennas may be

seen coming out of the mating section.

The fiber glass nose cone with the Langmuir
probe sensor at the tip is seen to the right
of the integrated pavload and the payload control

box is seen at the extreme left.
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from accidental damage. Only non-magnetic materials, free

from magnetic contamination were used for the construction

of the sensor. A'current of thfee amperes flowing through

the solenoid will produce a polarising field Bp oflnearly 400
gauss along the axis of the solehoid which is sufficiernt to
align the protons in the sample with Bp. The polarising current
from the batﬁerieé to the sensor must be passed through a
twisted pair of WiresAtb suppress the effect of magnetic field

generated due to 3 amp DC current f£low to the sensor.

The programmer: The programmer controls a DPDT relay which
éwifches the sensor alternately between the polarising supply
and the pre-amplifier. In rocket payléads, the polarising
sﬁpply consists of a stack of HR-3 silver cells which can
supply a current of 3 amperes at 12V. The programming osci-
llator which controls the DPDT relay is a symmetfic astable
multivibrator whose switching period is adjusted to 0.8 second.
At the start of the polarising period it switches the relay
to connect the sensor to the polarising supply for a duratiocn
of 0.8 second and ét the end of this period it .switches |
the relay to disconnect the polarising supply from the sensor
énd connects the sensor to the pre-amplifier for another 0.8
second which is the read period. To protect the input of
the pre-amplifier from damage due to the inductive surge

produced when the sensor coil is switched off from the
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polarisiﬁg source, a 10 millisecoﬁd delay is introduced by
means of a relay before connecting the sensor to the pre-—
émplifier. The surge is also clipped at the input of the
pfe—amplifier to a low level so that it may not overload

the input of the pre-amplifier. During polarisatién, when
the pre-amplifier is disconnected from.coil, the input of the’
high gain amplifier becomes open. This sets the amplifier
system into oscillations. To prevent this a resistance of
100 ohmsg is shunfed across the pre-amplifier input during the

polarisation period.

The pre-—-amplifier: The Larmor freguency signal from the sensor

has an.amplitude of 3 to 4}¢LVolts. Since the sensor COil is
also an efficient antenna, it picks up the environmental noise
in spite of shielding. The problem is to pick up the low
signal against high background noise. In rocket magnctometers,
the range of magnetic field to be measured is quite wide,
therefore the input of the pre-amplifier cannot be sharply
tuned to improve the signal to noise ratio. Taking. these
problems into consideration a high sensitivity, broad band,
low noise amplifier that can rise the micro-volt signal té

the level of a millivolt was designed. For maximum signal
transfer from the sensor to the pre-amplifier the input impe-
dance of the pre-amplifier was matched to the sensor coil

impedance by means of a matching transformer. The output of
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2.1.1.3 Payload integration and performances

The magnetometer sensor 1is mounted on the topmost deck
with its axis alignéd with the spin axis of the rocket.v The
programmer-preamplifier assembly and the main amplifier are
integrated with other experiments and mounted in the lower
half of the nose cone, as far away from the sensor as possible.
The aluminium base a£ the bottom {(Fig. 2.3) houses the turn-
stile antenna harness, the telemetry tranémitter and its DC/DC
converter power supply. The nose cone, the decks‘and the
rack are made from.fibreglass. 411 the. proton maghetometers
flown so far from Thumba used Nike Apachg rockets only. The
Nike booster is magnetic but the apache is non-magnetic. The
Nike falls off a few seconds after launch leaving the payload

on the non-magnetic second stage, the Apache.

The rockets are launched at wind corrected launch
seﬁting of 85° elevation and 270° azimuth. Since the
magnetic field is horizontél and runs N-S over Thumba, the
sensor doeé not enter into zones of poor signal during the

flight when launched at 270° azimuth.

No serious problems were ecncountered either dur ing
the pre-flight checking after the integration or during the
actual flight. In one of the payloads the magnetometer
started oscillating'as soon as the telemetry transmitter

was switched on. The trouble was traced to the vc/De
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converter supplying power to the transmitter, This DC/DC
converter was operating on a freqﬁency which was within the
-paSS band of the magnetometer amplifier. The problem was
solved by replacing it by another converter'operating at 4 KHz,
It was also found necessary to suppress the ripple in the
DC/DC converter output to a few nmvV to prevent the pick up of

this noise by the magnetometer sensor.

Tt is necessary to take some precautions in selecting
the programming relay. In first few experiments SIGMA
(33RI490FGSL) relays were used, which have low contact resis-
tance and high current rating for the contacts. But in one
of the flights (FL.20.10) this relay failed after the second
stage ignition. Thereafter the sigma relays were replaced
by SCllDBvrelays which can withstand higher shock levels.:
Thése!relays worked without failure but the S5 to N ratio
_ slightly deteriorated, probably due to their higher contact

resistance.

The proton magnetometer payloads. instrumented for the
investigation of the equatorial electrojet by Sastry and his
colleagues have proved to be highly dependable. So far
twenty of these magnetometers have been flown from Thumba.
Except for the one in which the programming relay failed after
the Apache ignition, all others have given good data on

ascent as well as on descent.
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2.1.1.4 Data reduction:

The data reduction system is shown in Fig. 2.1b. The

" magnetometer signal is recorded on the tape along with station
time code and a reference frequency of 100 KHz from a frequency
standard. The magnetometer data from the tape is fed to a
band pass filter of pass kand 1400 to 1900 Hz, which passes
on the magnetometer signal to a phase-lock,loop (PLL). This
PLL has a free running freduency of 1700 Hz and locks in the
range of 1400 to 2000 Hz. The output of the PLL goes to a

" dual preset counter which'generates the Set and resetvpulses
for a 10 MHgz gated counter. The set pulse‘is generated after
about 100 milliseconds of the appearance of the magnetometer
signal. The reset pulse is generated after counting 800
cycles of the precession freguency. The set and reset pulses
operate the 10 MHz gated counter whose time base is derived
Afrom the 100 KHz standard reference recorded on the tape.
The 10 MHz counter operates in the time interval mode and
actuates a printer which prints out the time taken for
800 cycles of the precession frequency along with the time
at which the sampling is made. AThe data tape is run several
times to make sure of the consistency and stability of the

data reduction system.

A sample telemetry chart record of the magnetometer

signal taken during the flight time is stiown in Fig. 2.4.
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The recorded signal levels during the polarisation and read
periods give an idea of the signal to noise ratio obtained,

which i1s about 6 to 8 in this case.

2¢41.2 The Rubidium Vapour Magnetometer

The functioning of the Rb. magnetometer is based on
the principle of optical pumping and light monitoring. This
process ‘involves the interaction of the magnetic moment and
the angular momentum of the valance electron of Rubidium with
the ambient magnetic field; Fig. 2.5a illustrates the energy
levels of the single valance electron of Rubidium. In the
bresence of the earth's magnetic field, the energy levels are
split into various sub-levels due to the Zeeman effect. The
separation between these sub-levels is dependant on the
total intensity of the ambient field. Dehmelt (1957) developed
‘the technique of optical pumping and light monitoring to
detect this proportional spilitting which resulﬁed in a

practical, sensitive and accurate magnetometer.

Fig., 2.5b shows the block diagram of a typical Rb.
magnetometer. The source of pumping light is a Rb. lamp
which is excited by a 100 MHz, 2 watts power oscillator.
The light from the electrodeless discharge in the lamp is

focused on to an interference filter which cuts out the
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78002D2 line of Rubidium and aliows only the 79488 D, line

to pass through. This light is then polarised by means of

-a circular po;ariser. The polarised light illuminates the

Rb. vapour cell in which pumping takes place due to the
absorption of energy by the Rb. atoms frcm the polarised
pumping beam. The output of the cell is focused on to a photo-

cell, and the photocell output is amplified and monitored.

The pumping process that takes place inside the cell
is briefly described here. The valence electrons of Rb. in
the cell absorb energy from the pumping beam and go to the
first excited state 2F; from the ground state 25%. Fig. 2.5a.
As the light is circularly polarised, the transition from
the ground state to the first excited state is also accompanied
by a change in thg magnet ic gquantum number m = + 1. The
change m = +1 or -1 is decided by the sense of polarisation.
Here we consider for simplicity that the light is right circu-
larly polarised for which m can change by +1 only. The
electrons in the excited state 2Py fall back to the ground
state either by radiationless relaxation or spontaneous
emission. This kind of transition froﬁ the 231 state ZP%
state and back is repeated untill all the electrons get
pfeferentially populated in the m = +3 sub-level in the
- ground stéte. Since there is no m level above m = +3 in

the 23% state, transition from m+3 sub-level in the 25; state
2
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is not possible. The atoms are therefore trapped in this
state. Now, no more absorption of pumping light is
possible and the vapour is said to have pumped into this
state. Since there is no absorption of the incoming light,
the cell becomes transparent. To make the pumping process
continuous, the atoms have to be redistributed in the
ground state. The application of a weak alternating
magnetic field perpendicular to the ambient field,

varying at the Larmor frequency will redistribute the
atoms to all them sub-levels. Now, the atoms will start

absorbing the energy again from the pumping beam.

During the pumping process, the transparency
of the cell is decreased by as much as 20% as monitored
by the output of the photocell. The light transmitted
by the gas cell at‘right angles to the pumping beam is
intensity modulaﬁed at the Larmor frequency. If this
is amplified, phase corrected and fed back to the gas
cell, the system will self-oscillate at the Larmor
frequency. A measure of this frequency will give the

total intensity of the ambient magnetic field.
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gome of the important features of the self~oscillator

system are given below:
It gives a continuous measurement of the total field.

The signal to noise ratio of this system deperids on
Sin 20, where © is the angle between the ambient magnetic
field direction and the optic axis of the system. When © = 457,

the S/N is maximum.

The variation of the Larmor - frequency w ith magnetic
field intensity is not as straight forward as in the case of the
proton magnetometer. At values near ‘the earth's field, the
zeeman effect becomes andmalous, and the m sub-levels are not
équispaced. The first order dependance of.Larmor_frequency
on magnetic field is given by

£ = 4.66737 nT/Hz for RbS>

il

7

£ = 6.99632 nT/Hz for RbS

The exact transition frequencies between various m sub-levels
can be calculated using the Breit-Rabi formula as given by

Farthing & Folz (1967).

A serious disadvantage of the self-oscillator sjstem
is the heading error. When the orientation of the optic axis
"of the system relative to the ambient magnetic field direction
is changed, the Larmor frequencj also chandes. The maximum

difference in the Larmor frequency observed in one full
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rotation of the sensor with respect to the ambient field
direction is called the heading error.v Typical heading

errors are 186 nT for Rb85 and 82 nT for Rb87.

Ruddock (1961) developed an elegant dual cell system
to reduce the heading error by an order of magnitude. The

block diagram of the dual cell system is shown in Fig. 2.5c,

Another method which uses a split cell instead of two
cells was suggested by Yabuzaki (1973). This sytem however
cannot give continuous signal a nd has not been used for rocket

measurements,

An important factor in the operationdf a rubidium
magnetometer is that the temperature of Rb gas cell must be
maintained at a constant temperature between 35° andh4do C.
This will ensure a good S/N and a steady signal which is
necessary for trouble free operation of thé unit. The cell
is warmed by passing a low frequency current though a colil
wound around the cell. The temperature of the cell is sensed
by a minute .thermister put in contact with the cell and the
cell temperature is controlled electronically. In the rocket
magnetometer, heating is done only during the pre-launch
period when the payload is still on the launcher., Heat
around the sensor is conserved by suitable lagging and potting.
Tbis keeps the cell temperatufe within limits during the

actual flight. No heating is done -during the flight.
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- The first Rb magnetometer was designed and constructed

by Bell and Bloom (1957). Since then several single cell self

. osclllator systems as well as dual cell systems have been flown

I1'2.2

in rockets and satellites. The rocket-borne Rb magnetometers
have been used to study the electrojet and the Sg current

systems by Davis et.al., (1965, 67). Cloutier and Haymes (1968),
Shuman (1970); Yabuzaki and Ogawa (1975), Burrows and Sastry

(1976) and Burrows et.al., (1976).

Rb Magnetometer Payload design:

The Sensor: The complete system Fig. 2.5b consisting of the
Rb lamp, the interference filter, the circular polariser, the
Rb vapour cell, the photocell and the collimating lenses are
enclosed in a Hylam tube and.aligned for maximum efficigncy
for light transmission. This system which is generally called
the sensor is shielded from external r.f. interference by an
electrostatic shield, It is then rigidised and potted to
withstand the thrust and vibration of the rocket take-off.

The output of the pﬁotocell is mken to the amplifier through

shielded cables.

The VHF Oscillator: The power to the Rb lamp is suppliecd
from a remote oscillator through low loss shielded r.f. cd les.
The oscillator itself is housed in an airtight aluminium

chamber to avoid change of frequency due to change in humidity.
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The aluminium enclosure also acts as shield and prevents
interference of oscillator frequency with the signal frequency.

The oscillator delivers 3 watts of power to the lamp at 100 MHz.

The amplifier: The émplifier has low noise; high gain and a
band-pass characteristic. The lower edge of the band-pass is
set at 130 KHz which corresponds to the fiald value at a
rocket apogee of 200 kms. The higher edge is set at 200 KHz
which corresponds to the field at the ground: The output of

the amplifier directly modulates a 240.3 Miz FM/FM transmitter.

Integration and Pre-launch operation of the payloads

Inside the rbcket nose cone, the sensor is mounted well
away from the electronics and the sub-systems, This is to
ensure that, at the sensor, the magnetic field due to the
electronics and the fields due to the flow of currents in the
cables are negligible. The nose cone, the decks and the
fixtures are made out of fibreglass and thus contribute little
to the pollution of the data. The Rbﬁmagnetometers were
flown from Thumba either on Indian centaures or British
Petrels., The second stage of these rockets are made of
steel. To avoid the modulation of the data by the magnetic
field of the rocket second stage, the forebody of the |
rocket containing the experimeﬁtal payloads was ejected

well before the rocket enters the electrojet.
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Tn the flights 20.13 (P110) and 20.14 (P59), the sensor
was aligned with the spin axis of the rocket and in the
flight 50.15 (P60), the sensor was mounted at an angle of 45°
to the rocket spin axis. Both these configurations have
their advantages and disadvantages. Axially mounted sensors
give continuous data provided the launch elevation is adjusted
to bring the.geomagnetic vector into the sensor live zones.
This results in a significant loss of aﬁogee height. The 45°
mount on the oth er hand, gives good data without compromising,
the vehicle performance, but'goes through two dead zones during

a spin period.

Some of the problems faced during the pre-launch

operation of the Rb magnetometer are as follows s

1. The main problem was due to the r.f. interference
especially from the radiation from the t elemetry trans-
mitter. The pick up of the radiation by the amplifier
and the associated cables necessitated special shielding
and proper grounding of the radiation shields. The
inside of the fibreglass nose cone had to be sprayed

with a conducting paint to suppress thevradiation pick up,

2. Under conditions of low pressure, corona discharge
between the tank circuit of the oscillator and the Rb

lamp surface,may take place. This means loss of power
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delivered to the lamp for excitation. Due to this, the
lamp glow shifts resulting in unsteady and noisy signal.
In worst cases the lamp might get extinguished. To '
prevent thié, it is necessary to check that the sensor
potting is leak proof. Each sensor must be operated

in a vacuum chamber to check that the corona discharge

does not take place at low pressures.

3. The temperature of the Rb cell has to be carefully

monitored and maintained at 400C £ill launch.

4, The ripple in the output of the DC/DC converter
supplying power to the t elemetry transmitter was
found to interfere with the performance of the magneto-
"meter. This problem was solved by reducing the ripple

in the output of the DC/DC counter to less than 10 mV.

2,1,2.4 The Data Reduction System:

The data from the Rb rocket magnetometer éan be
reduced in a way similar to that described in section 2.1.1.4
for the reduction of data from the proton magnétometer.
Since the data from the Rb magnetometer is continuous, the
use of a dual preset will not be necessary. The method
described in 2.1.1.4 however does not result in full utili-
sation of the continuous data available from the Rb

magnetometer. The reasons are:



47

a) The digital printer used can print only ten lines per
second, hence it limits the sampling rate tb 10 per second.
Since the output from the Rb magnetometer is continucus,
sampling of the data at a fast rate for obtaining good time

resolution for fluctuations is possible.

b) The rocket magnetometer data may contain large loops

of modulation due to the heading error and frequent patches

of data with poor signal to noise ratio due to the dead zones.
The data from the proton magﬁetometer is free from such effects.
To recovef all the good data from the Rb rocket magnétometer,

a different data reduction set up will be necessary.

One of the methods is to use very fast sampling'technique
and eliminate the bad data during the data analysis with the |
help of a computer. Since a fagt sampling and digitising
facility was not available, it was decided to develop a system
with available equipments, to recover the dataAwith r easonably
good time resolution. The details of this systeﬁ are shown

in FPig. 2.6 and 2.7.

The magneﬁometer data is recovered from the data
tape by passing it through a band-pass filter with a pass-
band of 130-200 KHz. .This data will be amplitude modulated
due to the dead zones. The output of the filter is divided
into two channels. In the first channel, a control pulse is

derived from the data itself, which:operates the counter
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only whzn there is good data, In the second channel, the

signal is cleaned and fed to the counter for counting.

In the first channel, the emvelope of the signal wave-
form is aetected and the detected output is passed through a
low pass filter with a cut off frequency of léo Hz. The low
pass filter eliminates spurious high.erQuency modulations
from -the detected output. The output of the low pass filter
is passed through an overdriven amplifier. The output of
this amplifier will be a series of pulses. The duration of
these pulses correspond to the portions of good dafa. The
raw data and these pulseé are examined on a dual beam osci-
lloscope to check fhat there is no phase lag or lead between
the pulses and the patches of good data. The d;é. reference
of the amplifier can be changed by the help‘of a potentio-
meter. Increasing the reference voltage will narrow the
pulse width and will select only data with very good S/N.
This potentiometer has to be set after examining the Quality
of the data. The amplifier output is clamped at 5 volts
using a Zener diode, and given to the reset terminal of the
10 ¥Hz counter. (The clamping at 5 volts is necessary for
TTL compatibility). By this way, the counter will operate
only when a pulse is present and at other times the reset
terminal will be grounded and the counter will not operate.

The sampling rate of the counter can be set such that all
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the ten prints per second on the printer will be good data

points.

Tn the second channel, the raw data is amplified and
given to a Scﬁmitt Trigger. This'Schmitt Trigger is built
around a 710 comparator. The reference for the comparator is
derived from the raw data itself as shown in the Fig. 2.7.

The output of the comparator will be square waves corresponding
to the input data. 'This is now given to a phase lock loop

that locks in the range of 130-200 KHz. This is constructed
using a NE565A PLL chip. The output of the PLL goes to the
input of the counter for counting the frequency or time

interval.

The 10 MHz reference for the counter is derived from
the standard 100 KHz reference recorded in the data tape along
with the flight data. This 100 KHz is phase lock multiplied
by 100 times to get the 10 MHz. This multiplier is builtA

using a NE562B integrated circuit.

This system was used to reduce the flight data. It
worke satisfactorily when the heading error is small and

the dead zones are few per second.

2+1.3 Ground Magnetometer Stations -~ Set Up:

Four ground magnetometer stations were set up in

the equatorial electrojet region in India, as ground support
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stations for the rocket magnetomeﬁer launchings conducted
from Thumba during the early period of 1972. The stations
were set up at Cape comorin, Kovilpatti, Tiruchirapalli and
Bangalore and run during the period December 1971 to April
1972. The location of the dip equator (Shanker Narayan and
Chari 1971) and the latitudinal distribution of these stations
are shown in Fig. 2.8. The coordinates of the standard obser-
vatories and the temporary Rb magnetometer stations are given
‘in table 2.1. The data from these stations and those from
regular observatories (also shown in Fig. 2.8) werévuséd to
get the latitudinal profile of the electrojet intensity.

These profiles were used to deduce the width of the electro-
jet at the time of in-situ measurements of electrojet para-

meters.

The e xperimental set up at all the four stations
mentioned above, were similar. A typical installation at

Tiruchirapalli is described here.

Siﬁgle cell, self-oscillating Rubidium magnetometers
were Used at all the ground stations. It was planned to.
measure only t he variations in the H component of the geo-
magnetic field. A Helmholtz coil system was used to nullify
the vertical component of the field at Tiruchirapalli an d

Bangalore, which are far away from the dip equator.




76 £ ‘ ' 80°E

e

Mt n™

5
:’; INDIA

ROMBAY 0000 el

%
\

ALIBAG

@ HYDERABAD -

185k A
&\ : ‘ o 157
% BAY
1 OF
%% Fon BENGAL
\ BSHPG
\ Y MADRAS
BAMGALORE , ,
1M b ‘ \
A@ AN : -t
It \x .
z N ANNAMALAL NAGAR
’épﬁ \ BTIRUCHIRAPALLI
| p .
§ M e 4 cocn T KODAHKA KL M .
-1 0¥
KOV FATTI ‘i
b EQUATOR | 4“’7‘3‘7 - I
——— TRIYANDRUM
_ 3 T
Y
75° § CARE

LOBMOR N

W~ AEGULAR CBSERVATORIES
#@ - AB. MAGHE TOME TER GBROUND STATIONS
o - IMPONTANT CITIES

LATHTUDIMNAL ISTRIBUTION OF GHOUND
MAGRETOMETER STATIONS

FX¥a. F.8, The latitudinal distribution of the standard magnetic

ohservatorias and the temporary ground Rb. magnetoneber statlong

gt up dn 1372 £for the study oi the equatorial electeojet. The

ddp sunator determined from the latest magnetic survey in the
pegion {(Shankar Narayen and Chacy 19700 is also shown., The

coprdinates marked avae ﬂ#ﬁf}ﬁéieﬁﬁh&'ue
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The block diagram of the set up_is shown in Fig. 2.9.
The Rb sensor was kept at thé center of the Helmholtz coil
system and the sensor position was adjusted to get the maximum
signal, as monitored on an oscilloscope. When there is no
currént through Helmholtz coil, the magnetometer measures the
total field. The magnetometer signal was put to a frequency
counter, and the signal frequency was noted. Then, current
was passed through the Helmholtz coil and adjusted till the
counter reading was a minimum. In this position, the magneto-—-
meter measures the H component only. The current control was
left undisturbed in that position. It should be noted that
this adjustment cbmpensates the steady v ertical field and iﬁ

does not however compensate its variations.

The last two digits displayed in the counter were D/A
converted using the BCD output of the counter and given to
a paper chart recorder. ﬁy changing the sampling time of
the counter, the sensitivity‘of the recording can be cﬁanged,
A full scale sensitivity of 200 nT was used at all the stations
except Bangalore. The smallest division‘on the paper Chart.
for the above sensitivity corresponds to 4 nT. At Bangalore,
the diurnal variation is expected to be small, being outside
the electrojet region. A full scale sensitivity of 20 nT was
used here. The smallest division on the paper chart here

corresponds to 0.4 nT,

)
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A small room adjoining a large open space was chosen
as the site for installing the magnetometer. The Rb sensor
and the Helmholtz coil were kept inside a plywood case. The
magnetometer amplifier and.the lamp oscillator were kept in
one corner of the case. This case was placed in the open
space. A taurpalene tent protected this case from stray
cattles and the vagaries of weather. The counter, the papér
chart recorder, D/A converter and other accessories were kept
in the adjoining room. Power to the Helmholtz coil and the
magnetometer was supplied from lead acid accumulators in the
room. The magnetometer signal was taken to the room through
shielded cables. The signal cables and the power lines were
laid underground. The counter and the paper chart recorder
were operated on 220V, 50Hz mains.‘ Time marks were put on
the paper chart at least twice a day; The complete reading on
the face of the counter at the time of these time markings

were also recorded on the chart for calibration purposes.

The following precautions were taken in installing

and running these ground stations.

1. A magnetically clean site with least interference
from electrical noise and vehicular traffic was ;hosen
for the installation.

2. The plywood case, the taurpalene tent and the other
accessories used in the set up were made of non-

magnetic materials.
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3. The time markings were synchronised with the Indian
Standard Time (82.5° EMT), at all these stations, to
facilitate data reduction a nd anélysis.

4. All the digits displayed in the counter were noted
down on the chart near each time mark. This would
enable the calibration of the data and also checking
of the normal functioning of the system.

5. The batteries were kept on floating charge énd their

voltages were checked periodically.

Excellent and continuous records were obtaiﬁed on days
when there were no power failures. Sample records of the
daily variations recorded at Tiruchirapalli and Bangalore are
shown in Fig. 2.10 to indicate the quality of the data from

these stations.

Electric Field Measurements in the'Ionospherez

The methods of ﬁeasurement of electric field in the
ionosphere so far used may be classified into two broad
groups. The first method dependé on the measurement of
potential difference between pairs of conductors inserted

in the plasma, and the second method depends on the measure-

'ment of parameters of bulk flow of the ionospheric plasma.

The s econd method includes the measurement of back scatter

by radar technique, artificial ion cloud motion and the
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effect of bulk flow on antenna impedance. The merits, errors
of measurement and the uncertainties iﬁvolved in each of these
methods have been comprehensively d iscussed by Maynard (1971)
and Mozer (1973). For the investigation of electric field
fluctuations assOciated with the plasma instabilities in the
E-region, the subject in which we are interested here, the
only cornvenient andg successful technique available at‘b£85ent

is the Langmuir double probe technigue.

The Langmuir double probe:

Principle:

This system consists of two identical metallic probes
deployed into the plasma, well away from the main rocket body.
The probes are separated from each other by a distance D such
that the rocket sheath does not affect the‘measuremenﬁs. The
metallic probes must have dimensions larger than £he Debye length
of e lectrons in the region of measurement. The'pétential !
difference AV between -the two probes is meésured using a
high input impedénce differential amplifier, with a high
common mode réjection. Then AV/D gives the electric field
along the line joining the two probes. This method though
appears simple, demands certain precautions to be taken
concerning the distance between the probes, deployment‘

symmetry, similarity of probe surfaces and the input impedance
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of the amplifier as discussed by Fahleson (1967) and Mozer
‘(1969). There is always the possibility of mistaking the
rocket and wake generated fluctuation for genuine effects under
investigation, Mozer (1973). Genuine data must be recovered
by careful screening of the data for identification and

elimination of the spurious effects.

The first set of experiments using the Langmuir double
probe was conducted from Thumba on Indian centaure rockets.
The design of the payload flown on these rockets is detailed

below.

)e2.1.2 Design of the experiment:

The probes used were nickel spheres of 5 cm diameter.
The probes were checked for low photoelectric emission and
high sphericity. The probes were coated with colloidal
graphite to have a uniform contact potential all over the
surface of the probes. They were mounted on a fibreglass
boom such that the distance of Seﬁaration (D) is 2 meters.
This separation distance is large enough for the measurement
to be unaffected by the rocket sheath (Mozer 1973). The
probes were deployed soon after the rocket leaves the dense

atmosphere,

The two probes were connected to a high input impe-

dance differential amplifier of the Analog Devices 301 model.
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This has gbt a high input impedance and a high common mode
rejection ratié. The frequency response ot the amplifier was
set from dc to 1 KHz so that fluctuations in the electric
field upto a frequency of 1 KHz can be measured. .The block
diagram of the payload. is shown in Fig. 2.11. The output

of the amplifier goes to a V,C.0. and the V.C.O output is fed
to a mixer ampiifier. The output of the mixer amplifier

modulates an FM/FM transmitter.

The experiment flown on Centaures carried multiple
double probes to. measure the components of d.c. eleétric
field and the fluctuations in the electric field:s To faci-
litate comparison betweeﬁ different channels, constant band—
width (+ 2 KHz) V.C.Os were used instead of the usual IRIG
proportional bandwidth ones. This bandwidth of 4 Kiz is

sufficient to transmit fluctuations upto 1 KHz.

The Data Reduction System:

To reduce the data from these flights, constant band-
width discriminators.corresponding to the V.C.0's used in
the payloads are necessary. Since such discriminators were
not available a suitable data reduction system héd to be
designed. The system designed is shown in the block diagram
of Fig. 2.12. The video output from the data tape is given

to a channel selector, to select any desired channel. The
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voutput of the channel selector is amplified and fed to a
balanced modulator, The local oscillator'of the balanced
modulétor is a-standard crystal controlled signal genefator.
The balanced modulator output is fed to a tuned amplifier.
The local oscillator freqguency is precisely adjusted for eéch
channel, so that the difference in frequency between the
local oscillator and the signal from the pre-amplifier, is
always within the band pass range of the tuned amplifier.
The output of the discriminator is given to a 5 channel
spectrum analyser through a driver amplifier. The spectrum
analyser has 5 constant Q, equal gain, band.pass filters
that cover the frequency range of 5 Hz to 1 KHz. The output
of the spectrum anal?ser and the raw data from PLL discri-
minator are recorded using a fast galvanometric recorder.
The resulting records are shown in Figures 7.5 to 7.8 of

chapter 7.

The detailed circuit diagram of the system is shown
in Figures 2.13 and 2.14. The channel selector is a simple
parallel IC circuit. By switching different capacito:$ in
place of "C", the Chénnels are selected. The pre-amplifier
is a transistor amplifier. The balanced modulator is constru-
cted out of two CA 3028 A Op. amps. The Op. amp. CA 3028 A
contains a differential pailr with a constant current source

within it. The signal from the pre-amplifier is given to
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‘the bés: of the one of the differential pair of op. amp. 1
(pin 1) and the local oscillatdr output (F) is connected to
the base of the constant current source (pin 2) of the same
op. amp. The second op. amp. (ca 3028a) of the balanced
modulator is connected to the first op. amp. in such a way
that there will be an output from the modulator, only when
the signals from botﬁ the pre amplifier and the local oscilla-
tor are simultaneously present, at the ihputs of op. amp. 1

'(pin 1 and 2 respectively of first CA 3028A).

The tuned amplifier uses a parallel LC circuit in the
feedback loop of a multistage transistor amplifier. The PLL
discriminator is made out of a NE 565A PLL I,C. and a 741 Op.
amp. which functions as a differential amplifier. The center
frequency of the tuned amplifier and the PLL discriminatdf
is set at 93 KHz, When 93 KHz is chosen as the center
frequency; the local oscillator frequéncy F must be adjusted
to (93 Kz + fo) where fu, is the center frequency of the
channel selected. This results in the balanced modulator,
always delivering thé standard output of 93 KHz to the tuned
amplifier PL discriminator system. For a clean output from
the discriminator, this center frequency must be carefully
chosen; the criterion being that there should be no

information in the original signal within + 2 Kz of the
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center frequency. The discriminator output goes to the five
channel spectrum analyser. The spectrum analyser is built
out of 741 Op. amps. The band pass filters used are second
order active filters. A common driver at the input, cont;ols

the overall gain of the system (Fig. 2.14).



CHAPTER 3 DATA ANALYSIS

In this chapter, the method of deriving the vertical
profiie of the electrojet current density from the rocket-
borne magnetic field measurements is described. Further,
various errors and uncertainties associated.with the
magnetic field measurements by rocket-borne magnetometers

are discussed.

The rocket mégnetometer data, after reductioh finally
comes out in the form of digital print—oufs, as described in
chapter 2, sections 2.1.1.4 and 2.1.2.4. This is the raw
data with which the analysis begins. The procedure of
deriving the altitude profile of the‘currenﬁ density from

the raw data will be described below,

Determination of tine profile of field intensity (F) versus
the flight time (T): ' '

TheAdigital print—outs will contain the Larmor
frequency or its time interval printed out against the time
at which the sample is made. The first step in the data
analysis 1s to convert the magnetometer frequency into the
total field intensity F. In the case of the proton .
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magnetometer, 0.0426 Hz of preceésion frequency corresponds
to 1 nT field angd for the Rb85 magnetometer, 4.66744 Hz of
the magnetometer frequency corresponds to 1 nT. These con-
version factors are used to convert the frequency or the time

interval to the total field intensity.

As discussed in the sections dealing with the data
reduction system in chapter 2, the flight data tape is first
run for a few times to check the stability and the consistency
of the data reduction system. After establishing the‘con—
sistency of the data reduction system, the flight tape is run
several times and the reduced daté which is in the form of .
print-outs is analysed to get a statistical picture. of the
scatter in the d.ataf In the case of the protoﬁ magnetometer,
the flight tapes are normally run atleast twenty times. The
frequency values for each sample obtained from these runs
are plotted as_histograms. When the signal £o‘noise ratio
is high for the sample, the number of concurrent values are
high and therefore the histogram will show a prominent peak.
In the case of- samples with poor signal to noise ratio, the
number of non~concurrent values will be high., This gives a
flat histogram, and the data point will appear as a noise
point, because of the large uncertainty in determining

the exact value of the field. The most concurrent value
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obtained for each sample, is £hen converted to the total
field F, using the above said conversion factors. The field
value tﬂus obtained is plotted against the flight time. One
such curve obtained from the flight Fl. 20.09 is shown in
Figure 3.1. It can be seen that there is not much scatter
in the data, which indicates ﬁhe good performance of the

magnetometer.

In the case of the Rb. magnetometef, the signal to
noise ratio is quite high compared to the proton magnetometer,
except at anmdnear the dead zones. As the signal is conti-
nuous in the case of the Rb. magnetometer, thé number of
samples per second can be quite high. Using this high
density data, the noisenpoints at and near the dead zones
can be eliminated, as they fall significantly away from the
cofrect trend of the data. The heading error, which appears
as a modulation with spin frequency can be averaged out.
Sampling at a high rate is resorted to, when time resolution
is important for the study of rapid fluctuations in the

‘magnetic field and also to recover useful data to the
maximum,. But, since sampling at high rate does not permit
averaging over a long period, the scatter in the data will
be more and also the error in the“determination of+the:

exact field value will be high. Both the methods are
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used to keep a check on each other, so that no useful
information is lost. The Rb. data tapes are run only two
or three times and these runs are analysed individually and
the final results are compared to check the consistency of

the data.

The next step in the analysis is to convert the f£light
time vefsus total fielda information into altitude versus’
total field profile. This requires information regarding

the rocket trajectory.

The Trajectory determinations

The information regarding the rocket trajectory is
obtained with the help of four systems, the radar, the tone-
range system, the alphatron pressure gauge and calibrated

pressurc switches and the or.-board magnetometer ‘itself.

.The radar operates either on the trapnsponder mode or
on the skin-track mode.. When a transponder is flown in the
rocket, the vehicle is tracked by the radar in the transponder
mode. In this case, the trajectory information of the
complete flight is obtained. Wﬁen‘there is no onboard
transponder, the rocket is tracked on the skin mode. The

range radar could track the vehicle in this mode upto an
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altitude of 60 km during the ascent only. The rest of the
trajectory information had to be obtained by theoretical

means.

In the case of the tone~range system again, complete
trajectory information is obtained when a tone-range receiver
ié flown on-board along with the experimental payloads. When
there is no on-board receiver, the ground tone—range system
gives informatioh concerning the elevation and azimuth ofithe
vehicle during tﬁe flight. In this case, the ground tone-
range system records continuously the variation in tﬁe'
relative phase of the telemetry cafrier receivedAby a pair
of mutually perpendicular interferometer antennas. Frém
this, the elevation and azimuth of the vehicle are computed.
The different techniques‘and methods used for the trajectory

determination have been detailed by Gruenberg (1967).

The rocket magnetometer data is used to detérmine
the rocket apogee time, which is essential to compute the
trajectory when the rocket is tfacked on the skin-track mode.
The apogee time corresponds to the time at which the lowest
magnetic field is measured, near the apogee. In actual
practice, a parabola is fitted to the points near the apogee,

where the effect of ionospheric currents are negligible,
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and from this parabola, the apogee time is determined. The
apogee time thus obtained ang the corresponding field value

are indicated in fig. 3.1.

The Alphatron pressure gauge developed by Sastry

et. al., (1975), (see reprint attached), has proved to be an
useful instrument for obtaining time.versus altitude infor-
mation of a rocket f£light during both‘the ascent and the
bdescent. It gives atmospherlc pressure measurements upteran
altitude of 50 km. Calibrated pressure switches, 8et to go
off at 5000, 7000 and 11000 ft. are usually flown along with
the Alphatron as a means of in-flight calibration. Comparing
the pressures measured by the Alphatron gauge with the
values glven by a standard atmospherlc model, the altitude
values can be obtained agalnst time. This information is
supplementary to the radar skin-track data, in deriving the
complete trajectory. The Alphatron gauge is very useful
since it gives the altitude information both during the ascent‘
 and the descent while the range radar at Thumba, operating
on skin-track mode can track only in the ascent. Even wﬁen
both the tone-range system and the radar on the range

were Qperatiﬁg well; the Alphatroﬂ was included in many
payloads as a good redundancy aid for trajectory deter-

mination.
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The complete trajectory information for the rockets
that were tracked by the radar on the skin-track mode is

derived in the following way.

The rocket is assumed to fall freely from the apogee
under the varying force of gravity. The effect of atmospheric
drag, above 60 km altitude has been considered negligible.

The apogee time, that is the time at wﬁich the ve:tical

. velocity of the rocket becomes zero, is used in solving the
equation of motion of such a body. The apogee time 1gs obtained
from the on-board magnetometer as described earlier. The

flight times corresponding to a particular altitude is evaluated
for upward and downward legs at regular intervals of.O.5Akm
altitude‘ The trajectory thus‘obtained is compared with the
radar skin-track trajectory. The difference in these two
trajectories is minimised and the final trajectory is

obtained. The altitudes corresponding to the sample times

are obtained by interpolation.

Usipg the trajectory thus obtained, the azimuth and
elevation of the rocket are computed. These values should .
agree with the.Values got from the ground tone-range
system. In cases where these values are very close but

differ slightly, the trajectory is adjusted to match the
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azimuth énd elevation values obtained from both methods.

As the ground tone-range system gives the azimuth and
elevation values throughout the flight, matching the azimuth
and elevation values obtained from the trajectory with those
got from tone-range, gives a good fit for the whole flight

trajectory.

The trajectory information thus obtained is used to
convert the time versus field profile into altitude versus
field profile. The next step is to determine the altitude
profile of the perturbation field ( A F) due to the electro-

jet current flow.

Derivation of the perturbation field A F:

Ini:he absence of any over head current system, the
ecarth's field will decrease with altitude in a smooth way

without any discontinuity. The field due to the flow of

“ionospheric currents will introduce an observable discontinuity

in the smooth decrease of the earth's field. The resultant
field will be a vectorial addition of the earth's unperturbed
field and the field due to thé currents. It is this resultant
field that is measured by a rocket magnetometer, as it

traverses the current layer. In the case of the equatorial
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electrojet that flows eastwards, its magnetic field will add
to the earth's field below the layer, and subtract from it
above the current layer. Over the dip equator, ‘the earth's
field and the field due to the electrojet currents are in the
same direction, in the magnetic meridian plane. Hence, a
mere algebraic subtraction of the earth's field from the
rocket measured field, will give the field due to the electro-
jet currents. The earth's field for any given altitude can
be evaluated theoﬁetically. It A.F is the field due to the
currents, F, the rocket measured field and Fp the theoreti-

cally computed earth's field, then
AF:F—FT

A F is referred as the difference field and Fr as the theore- .

tical field.

Evaluation of the theoretical field ET:

The magnetic data from the ground-based observatories
are spherical harmonically analysed, and the coefficients
obtained are used to deduce the earth's field as a function
of altitude at a given location (geographic coordinates),
for any epoch. A detailed summary of the method of spherical
harmonic analysis has been given‘by Chapman and Bartels (1940)

and a method of computing the earth's field using the
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spherical harmonic coefficients, using_digital computers is
given by Cain et. al., (1964). Here, the coefficlents of

" Jensen and Cain (1962) for the epoch 1960 have been Used,

after applying the necessary corrections for secular variation,
to derive the theoretical field for the rocket launchings

from Thumba.

To check whether the Jensen and Cain field truly
represents the field over Thumba or not, it was compared-with
the actually measured field by a rocket maénetometer £lown
from Thumba around a quiet midnight, when the field due to
the ilonospheric currenté and magnetospheric disturbances
are negligible. In Figure 3.2, the field measured by a night-
time flight FL. 20.08 is shown along with Jensen and Cain
field Fp. The 20.08 field and FT run parallel indicating
that the slopes of these two profiles are nearly t he same.

A shift of about 60 nT in 20,08 (1968) and Fp (1970) is due
to secular variation which is about 50 nT for the period

1968 to 1970, as given in the yearly "Indian Magnetic déta",

bulletin of 1972.

In Figure 3.2 the measured field of FL. 20.09,'a
magnetometer flight conducted near noon on March 27, 1970

ig also shown. It can be seen that the theoretical Jensen
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and Cain field Frn evaluated for this flight epoch, passes
through the center of the discontinuity due to the electrojet,
indicating that the theoretically evaludted field is a good

representation of the earth's field over Thumba.

Having obtéined the altitude profile of A F, by using

AF=F - Fy the altitude profile of the current density J

of the electrojet is derived as follows.

Derivation of the electrojet current density J:

The current density J and the magnetic field H due to .

the flow of this current are related by the Maxwell's equation,

Cuy@ H = 477 _ 1L oD
c Y
where %; 3:% is the displacement current. Under the

assumption that the current remains steady during the measure-.
ment, the displacement current term in the equation may be
ignored. Then,
curd W= AT T
It
£

Consider a coordinate system, in which x axis is
directed towards geographic south, y axis towards geographic

ecast and z axis directed vertically upwards. If£ Jy is the
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castward electrojet current density, then evaluating cux? H

and equating the y components on both sides, we get,

ar o Mo 2R
c 7 2z D%

The distance travelled by the rocket in the x dire-
étion within the current layer is very small and also the
field H, due to the electrojet is very small at the center
of the electrojet. Normally the rockets from Thumba for the
study of electrojet are launched at an azimuth of 270° and
elevation of 85°. 1In these cases, the rockets travel wést4

wards parallei and close to the center of the electmw jet.

Hence the contribution to Jy from the term ‘EE} is negli-
. DHyx ox
gible compared to _— .
bz
R I PR el

. c :
Hy, whicn is the field due to the electrojet current is

denoted here as & F.

Ty = — EL(AF)
AT dz

This shows that the vertical distribution of the
current density Jy can be obtained from the slope of the
altitude profile of A F. In other words, if &NFq is the

difference field at an altitude hj andv,AEQ at h,, then
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: h., + h2
Jy at an altitude of 5 can be written as
JT . 'o | AaF - aF

1

—

If P is in nT, h in km, then the cdrrent density Jy is
obtained in amp/kmz. The factor 10 is to convert abampere
to ampere. (The factor ¢ gets eliminated due to change in

units).

Errors and uncertainties in the measurement and data analysiss:

Error in the measurement of F:

In the case of the proton magnetometer, the magneto~
meter frequency f is related to the magnetic field F by the

relation,

)
Zﬂ‘{' = ’D’PF

where 2& is the gyromagneti ¢ ratio of prot-ons in water.
lThe errors in the determination of F could arise due to two
factors. The first, an error in the value of 'gp and the
second an error in the measurement of frequency £. The
value of Jp has been measured by Driscoll and Benderv(1958)
as ?; = (2,67513 + 0700002) x 108 radians/sec. tesla. &An
error of ¥ 2 x lO3 radians/sec. tesla, irl'¥P will give
a constant error of + 0.5 nT in t he measurement of abéélute

field values.
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In the frequency measurement, two kinds of errors
occur, one in the counting of the frequency due to poor signal
to noise ratio and the next one due to an uncertainty’of + 1
in thé last digit counting by the counter. In the first case,
the error *dF in counting is given by Blacquife et. al.,

(1963) as,
gF = 1/2/P RE

where R is the signal to noise ratio and t the sampling
period. For the proton magnetometers flown from Thumba, the
sampling period t is 0.5 second and the signal to noise ratio
is about 8. In this case, whén R, t and XP values are

substituted in the above equation 4F turns out to be 1 nT.

The counter counts 800 cycles of the precession
frequency against the 10 MHz standard reference and displays
the t ime period in micro seconds. The error due to + 1
count uncertainty in the last digit counting, which dis + 1

micro second in the time interval mode, will be + 0.2 nT.

Hence, the total probable error in the measurement

of F by the'proton magnetometer turns out to be

J?O.S)z + 1+ (0.5)% = 1,14 nT. This is the total error,
provided the field F remains steady during the sampling

period. In the case of the rocket-borne proton magnetometer,
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during the time of 0.5 second, which is the sampling period
selected for sampling the signal, the rocket travels a dis-
tance of about 0.5 km and the field does not remain steady
during the measurement. But, if the field measured is an
average value over this period, and the sample time is put
at the center of this period, no additional error will be
introduced into the measurement. This is especlally true,
if the sampling period is small enough to consider that'the
field F varies linearly within this period. In-the technique
of frequency counting used in the data reduction, the fre-
quency is averaged by the counter over the sampling period,
and the sample time is put at the center of the sampling

period.

The proton data tape is run about 20 times and the
frequency is selected by histogram, as discussed earlier.
This will bring about an error in individual measurements
due to the statistical distribution of values. For a very
good sample, the typical error is about 1.5 nT. -In the
worst case, the histogram will be almost flat and the data
point itself will appear as a noise point. The total probable
error in the measurement of F by the rocket-borne proton

magnetometer does not exceed 2 nT.
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In the case of the Rb85 magnetometer, the magnetometer

frequency £ is related to the field F by

£(in Hz) = 466744 F + (K) 359 F2

F is in Gauss and K is a constant, usually less than O.5.
The 'FZ dependance is nothihg but the the heading error in
the single cell system. This heading error appears as a
modulation at the spin frequency, and can be eliminated

during the data reduction.

In the case of counting the frequency, as the signal
to noise ratio is quite high for Rb magnetometer, the choice
of sampling period is the primary source for the inaccuracy.
Counting ten samples per second against a reference of 5 MHz
will give an accuracy of O.l nT( in the case of the Rb magneto~
meter. This may be taken as the over all accuracy. A
detailed study of the Rb. magnetometer and the possible
sources of errors are given by Grivet and Malnar (1967).
The accuracy of the rocket magnetometer is discussed by
Davis et. al., (1965, 1967), who also claim an accuracy of

0.1 nT for the field measurcnents.

Uncertainty in the trajectory determination:

As discussed earlier, the complete trajectory in-

formation is obtained, when a radar transponder is flown in
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the rocket. The absolute error in the trajectory'here is
less than + 0.5 km. When a tone-range receiver is flown in
the rocket, then also complete trajectory information is
obtained. The error here is less than + 0.5 km., ' Hence, the
error in the trajectory is very small when an on-board system

for the trajectory determination is used.

In the case of rockets tracked by the radar on the skin
track mode, the complete trajectory information is obtained
by theoretical means. The correctness of the method used in
this determination is checked by comparing the computed
trajectory with the trajectory obtained by the tone-range
system (using on board receiver), when both data are available.
As for instance, the flight 20,09 had an on board tone-range
receiver to give the complete trajectory information ahd'the
rocket was tracked by the radar on the skin-track mode. The
trajectories obtained from both these methods agreed well
within an error of + 1 km. The ascent and descent A F
profiles derived using these trajectories followed each other
closely. The current density profiles derived from these
AF curves peaked at the same altitude during ascent and
descent. After thus establishing the correctness of the
method, it was used to compute the trajectory of flights,

where on-board systems could not be flown.
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To demonstrate the effect of using incorrect trajectory
on the AF profile, the AT profiles derived using the
correct and an incorrect trajectory are shown in Figure 3.3
for the £light 20.09. In the case of incorrect trajectories,
the ascent and_deSCent A F profiles do not follow each other
and this results in the curfents peaking at different alti-
tudes in ascent and descent. The determination of the apogee
time correctly,using‘the on~board magnetometer data helps

to resolve this problem.

Uncertainty in the theoretical field Frs

1f the field Fon evaluated using the spherical harmonic
expansion is a true representation over the place of interest
(Thumba), then the AF profiles will be symmetric with respect
to AF = O, 1In other cases, the AF profiles will be asymme-
tric., In worsgt cases, all the AF values could be either
positive or negative. It can be seen from Figure 3.2 that
the Jensen and Cain coefficients represent the field over

Thumba fairly accurately.

‘Rocket precession effect due to payload fields

'

Though every care is taken to minimise the payload

field at the magnetometer sensor.to be within a few nT, in
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some cases it becomes appreciable. This field will add and
subtract to the field being measured, due to the focket
precession. Under ideal conditions, this effect will appear
as a sinusoidal modulation on the data. This can be removed
by applying a correction of the form A Sinwt, as done by

| Davis et. al., (1967). 1In most of the cases, the amplitude
and the period of this modulation vary during the course of
the flight. Applying a general correction of the form A sinet
for the whole data will not be possible in such cases, as the

.data gets either under corrected or over corrected, which in

turn will introduce some other modulations,

The modulation due to the precession effect is very
distinct near the apogee, where the variation in the ambient
field is very small as the vertical velocity of the rocket is
small. When the AF values are plotted against time, this
precessional modulation will occur atvregular time interval
and is éasy to correct. One such curve is shown in Figure
3.4. The precession period for Nikefﬁpacﬁe rockets is around
32 seconds. In Figure 3.4, the amplitude is about 8 nT
and the precession pPeriod on an average is about 35 seconds,
When the Fagd pfofile is plotted against the altitude, the
precession effect does not appear at regular altitude

intervals as the rocket velocity is not constant with time. .
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Therefore, it is better to use the time versus AF profile
for correcting the precession effects. The AF profile of
FL. 20.06 which had negligible precession effect is also

shown in Figure 3.4 for comparison.

In the case of the proton magnetometer, the AF
curves are generally‘smoothed manually as the data point occur
once in every 1.5 km. The current density profile derived
from this A F curve is smoothed using a 3 point moving
average. For Rb. magnetometer, the AF Curves are plotted
using the high density data and theismoothing is done withv.
the help of the computer. The current density profiles are

then derived from these AF profiles.

Because of thé precession effects, the current density
profiles might show subsidiary peaks above the main electrojet
layer. Interpretatién of these peaks is difficult without
additional information from other independent supporting
experiments, preférably from.experiments whose results are
not spin and precession dependant. These subsidiary peaks
occur. at regular time intervals than at-altitude intervals
indicating that they are due to the precession effect.
Correct identification and correction of these effects are
important as there is the possibiiity of thesg being mistaken
for the effects of currents flowing in different layers and

different directions.
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CHAPTER 4 - DIURNAL AND DAY-TO-DAY VARIABILITY

OF THE EQUATORIAL ELECTROJET

As was explained in Chapter 1, the two important
aspects of the quiet day geOmagnetic.variations viz. the
diufnal variation and its day-to-day variability, have been
studied extensively by various investigaﬁors using ground
magnetic data. A preliminary study of these two aspects by
in-situ meaSuremenﬁs has been done by Sastry (1970) and.
Sampath and Sastry (1976). In order to understand the nature
and the reason for the observed large diurnal and day-to-day
variations of the geomagnetic field, it is necessary to study
the diurnal'and day~t9~day'variability of tﬁe electrojet
parameters and the relationships of the variations of these
parameters to the observed magnetic variations at the ground.
A detailed study involving both the rocket-borne and the
ground based magnetic measurements is the subject matter of
this chapter. The fdcket experiments were-cénducted from
Thumba on magnetically quiet days. A chain of ground
magnetic stations waS-;et up in the electrojet region to
support the r ocket measurements. The results of these
experiments are discussed in this chapter in the following

manner.,
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Section 4.1 deals with the.study of the diurnal
variation of the électrojet parameters and in section 4.2 the
day~to=-day variability of the electrojet parameters is
discussed. With the availébility of large amounﬁ of rocket
data from a single station, Thumba, and based on tﬁe results
of éection 4.1 and 4.2, the possibility of predicting the
vertical distribution of current density. in the electrojet, at
any instant on a maghetically quiet day, given the day's
magnetogram has beén examined in section 4.3, In this
connection, the effect of the stabilisation of the two stream
instabiiity on thé'vertical distribution of current density

is also discussed.

A simple Chapman-McNish type induction model has been
used to relate the ground magnetic field change at the time
of rocket launch, with the rocket measured electrojet strength.
From this the ratio, H{internal)/H(external) is obtained for the
region around Thumba. These results are presented in section

4.4,

Diurnal variations

To study the diurnal variation in the electrojet
parameters, three rocket magnetometer flights were conducted
during the course of a single day, from Thumba. The day

was magnetically quiet, ThisAhelps in relating the mwcket
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measure i electrojet strength and the ground AH without much
ambiguity, since the non-ionospheric contribution to ground

/. H on gquiet days is expected to be negligibles

Flight details:

Three Nike-Apache rockets (FL. 20,06, 20,07 and 20,08)
carrying proton precession hmagnetometers were launched from
Thumba, on August 29, 1968. The rockets were launched at an
azimuth of 270° aﬁd an elevation of 85°, The rockets carried
similar payloads and reached an apogee pf about 173 km. The
vehicles were tracked by the.radar on the skin-track mode
upto an altitude of 60 km., The trajectory for these flights.
were computed by theoretical means, as discussed in chapﬁer 3.

The day was magnetically quiet with an Ap index of 1.

The‘first flight 20.06, was launched at 1108 hrs IS5T,
near the maximum of H variation observed at the ground and
when the ground A4 H was 110 nT, from the mid-night level of
H variation. The second flight 20.07 was conducted at 1415
hrs IST, during the decay phase of the diurnal variation.
The grouﬁd AH was 58 nT, at the time of launch. The third
flight 20.08 was conducted an hour before local mid-night,
at 2300 hrs IST. There was no apprecilable AH at the time
of launch of this flight. The magnetogram of the Trivandrum

observatory for the day of these flights is SH6Wﬁ in Fig. 4.1,

The launch timings are indicated in tﬁe figure.
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tole 2 Fligbt resultg:

Good data was recovered from all these three flights

. during ascent as well as descent. The difference field (4 F)

profiles derived from these flights during the ascent and the
.descent are shown in Fig. 4.2, From this figure it can be ﬂ
noted that the data from f£lights 20,06 and 20.08 are quite
good with negligible precessicnal modulations. The data-
from the f£light 20.07 is modulated due to the paylcoad field
and the coning of the rocket. The large modulations seen in

the descent curves below 80 km are due to the rocket tumbling ¥

during reentry. The three A F profiles of the ascent, cross g

each other at AF = O but not the descent ones. Thisis due
to a slight difference between the trajectory obtained by
theoretical computation and the actual descent path fol lowed
by the rocket. The current density profiles derived from the

A F curves of‘Fig. 4,2., are shown in Fig. 4.3.

Flight 20.06 magnetometer detected a departure field
of 210 nT between 90 and 130 km (AF = + 105), as the magneto-

meter traversed the electrojet., As the magnetic field below

an ldealised current sheet is of the same magnitude but
opposite in sign, to the field above the sheet, the field

just below the sheet will be half of 210 nT, i.e. equal to

105 nT, The current density curvesof Fig. 4.3 show that

appreciable currents flow between 90 and 130 km with a peak ¥
‘ Co i
i
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at 107 + 1.5 km altitude. The maximum current density
measured during this flight is 10,4 + 0.4 Amp/kmz. The half

thickness of the current layer is about 12 + 1 km.

Flight 20,07 magnetometer detected a departure field
of 100 nT between 90 and 130 km. Appreciable currents were
detected between 90 and 130 km with a peak at 108 + 1.5 km.
altitude. The maximum current density measured is 5 + 0.4
Amp/kmz., with a half thickness of the current layer equal

to 15 + 1 km.

Flight 20,08 did not detect any significant departure

between 90 and 130 km.

Discussion of flight results:

From the Trivandrum magnetogram {(Fig. 4.1) it can be
seen that the ground AH decayed from 110 nT at the launch
time of FL. 20,06 to 58 nT at the launch time of FL, 20,07,
The rocket measured electrojet strength decayed from 105 nT
to 50 nT ih thelsame interval. The change in the ground AH
is about 58/110 = 53%, while in the electrojet stfength is
about 50/105 = 47.6%. MAssuming that the width of the jet
did not change significant;y in this small interval of timé,
this result shows that the electrojet currents decayed a
little faster than the ground A H. This could be probably

due to a small phase difference between the electrojet current
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and the decay of its induced image currents underground.
This phase difference is however small., Hence, it can be
safely concluded that the electrojet strength on a quiet day,

follows the ground magnetic variation, rather closely.

The current density curves of FL. 20,06 and 20.07 in
Fig. 4.3, show that in the noon as well as in the afternoon,
measurable currents flow only between 90 and 130 km, indicating
tﬁat the vertical extent of the current layer does not change

significantly during the course of a day.

The half thickness of the current layer, deduced
from rig. 4.3 shows that the electrojet in the &ternoon was
(15 + 1 km) broader, compared to the noon time electrojet
layer (12 + 1 km). This could be due to the fact that the
data of flight 20.07 was modulated by precessional effects, It
can be clearly seen that due to the same effect the descent
current density curve of 20,07 appears much narrbwer. Taking
the average of the‘ascent and the descent current density
curves of 20.07 and normalising the peak of the average
curve to the peak Current density of FL, 20.06, shoyvs that
the afternoon profile follows the noon prdfile closely. This
shows that the thickness of the layer and the current
distribution in the layer does not change significantly‘

from noon to afternoon.



86

It can also be seen from the current density profiles

of Fig. 4.3Athat the altitude at which the current density

maximises does not change significantly from noon to afternoon.

Incidentally, it is significant, that the experimentally
measured current density peaks at an altitude'(lO6.km) dis-
tinctly above that of cowling conductivity'ﬁé peak (100 km),
calculated by uéing ionospheric parameters from models, as has
been done by several workers. This is evident from the compa-
rison of Fig. l.2 of chapter 1 with Fig. 4.11 b of this

chapter.

The night time £light 20,08 did not detect any signi-
ficant departure field, between 90 and 130 km. The current
‘density distribution measured in FL. 20,08, (in Fig., 4.3)
exhibits small fluctuations about the zero value from 90 and
136 km altitude. This indicates the absence of any current
in either direction eastward or westwérd, in this region.
Evidences for the westward flow of electrojet currents in the
night time E-region are available from the rocket measurement
of Davis et. al., (1967) and from the ground based back
scatter studies of Balsley (1965). No significant currents
in the night time E-region were detected by Maynard and
Cahill (1965) and Shuman (1970). The experimental result
from flight 20.08 also indicates that no significant current
flows in the night-time E-region, on a magnetically quiet

day. A departure of about 10 nT was detected between 80 and
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90 km, in this flight 20.08, Sastry (1971). However, there
was no corresponding departure in H variation record at the
ground to supﬁort this change and also there is no ihdependant
supporting evidence to prove that the observed departure is
due to nighttime currents in this low altitude region. The
diurnal v ariation of electrojet parameters, as observed by

the rocket-borne magnetometers is summarised in table 4,1.

Day-to-day variabilitys

The diurnal variation of geomagnetic field eihibits
large changes of amplitude from one day to another, even on
apparently quiet days. A number of causes of ionosphéric
origin and magnetosphéric origin have been attributed to this
day-to-day variahility. The investigation, the details of
which are presented here, is particularly directed towards
understanding the relative importance of these two factors
in causing the dayfto-day'variability. For this investigation,
two rocket magnetometer. £lights were conducted near local
noon, from Thumba, on two closely spaced days in April 1971.
On one of the days, the diurnai amplitude of H variation
was small and on the other, it was unusually large. This’

experiment was repeated in February 1972.
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4.2.1 Experimental details and results:

The details of launching of the April '71 and o
February '72 series of experiments are shown in Table (4.1).
The variations of the horizontal component of the magnetic
field recorded at different ground support stations for April |
'71 launching is shown in Fig., 4.4 and for February '72 H
launchings in Fig, 4,5. The time of launchings are indicate ﬁ

in the figures. The H variation on February 2, 1972 was

- quiet before and during the flight. The three hourly Kp index
for the interval of actual flight was only 3+. Two hours

after the launch, the day became slightly disturbed. Due to

this, the overall Ap index for the day increased to 13. Hence,

it can be said that the periods during which the four experi-

ments were conducted were exceptionally quiet.

Good data was obtained from the two April '71 flights,
during both the ascent and the descent. The difference field

(A F) profiles obtained from FL. 20.11 and 20.12 are shown

in Fig. 4.6. It can be seen that the data from 20.11 is

modulated due to rocket precession. The 20.12 data is not

modulated to the same extent, because this payload was ?
magnetically clean compared to the payload of FL, 20.11.
The current density curves derived from the mean of ascent

and descent AF curves are shown in Fig. 4.8.
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As regards the February 1972 flights, P110/20.13 gave
intermittant data during both the ascent and the descent, due
to the rocket magnetometer entering the dead zones during
tﬁe rocket precession period. However, it can be seen from
the A F profiles of this flight, P110/20.13 (Fig. 4.7) that
the dead zones during the ascent coincides with the good data
periods in the descent and vice versa. This helped in the
recovery of good data throughout the flight. F1.P59/20.14
did not have this problem. It gave good data during both
the ascent and the descent. The A F profiles obtained during
this flight are shown in Fig.4.7 along with that of Fl, P}lq/

20.13. The current density curves for these two f£lights

" derived from the average of the ascent and descent AF curves

of Fig. 4.7 are shown in Fig. 4.8 separately.

Discussion of Results:

The important parameters of equatorial electrojet (EEJ)
measUred during the two seriesof experiments have been summa-
rised in table 4.1. It can be seen from the integrated
current density measured during these flights, that the flights
20,11 and 20.14 encountered strong electrojets whereas
flights 20.12 and 20.13 encountered comparatively weaker
electrojets. Neilther the layer thickness nor the altitude

of J_ changed significantly from low jet day to the high
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jet day. The current density curves of Figure 4.8 show that
the vertical extent of the current layer does not change
appreciably from one day to another and remains within 90 and
130 km. Normalising the peak current density of Fl.20.11

to that of Fl. 20,12, it is seen that the two current density
profiles follow each other within the limits ofAexperimental
error. Same is the case with the J profiles Qf'Fl.zo.lB and
20.14., This shows that the vertical distribution of>current
density in the EEJ does not change significantly from the low
jet day to a high jet_day. Further it is seen from the

table 4.1 that the width of the jet on the low jet day of

Fl. 20.12 was somewhat larger than that in the high.jet day
of 20,11, but the r everse is the case with flights 20.13 and -
20.14. This observation and some other observations concerning
the effect of variation of the width of EEJ, that will be
discussed later in this chapter (section 4.4), show that

the observed changes in the width of EEJ cannot account for

the large enhancement of AH observed on high jet days.

The above observations show that change in the para-

meters of the EEJ such as the altitude of Jm , EEJ lavyer

ax
thickness, the width of the jet, the vertical extent of the
current layer and the distribution of the current in the layer

cannot account for the large day-to-day changes of the ampli-

tude of H variation observed at the ground on quiet days.
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Again, from table 4.1, it is seen that the ground
O Hpg at the time of launch of Fl. 20,11 was 1.5 times the
ground ZkHTri at the time of launch of Fl. 20.12. The
electrojet strength measured by 20.11 as given by ?ﬁF value
is also 1.5 times the electrojet strength measured by Fl. 20.12.
The height integrated current densities measured during these
flights also bear the same ratio 1:5. This means that the
strength of the electrojet actually measured during these
flights was proportional to the ground AH observed at the
time of the flights. The data from Fl, PilO/ZO;lB and
P59/20.14 further confirm these findings. It can be seen that
the ratio of_the ground,/;;.I—ITri at the time of launch of
P110/20.13 to that of P59/20.14 is 1.8 and the ratic of rocket
measurea electrojet stfength is 1.9. Corresponding height
integrated current density ratio is 1.87 which is not very

much different from the ground ‘SHTri ratio of 1.8.

Tt can be seen further that though the Ay index
changes.from nigh jet day to the low jet day, {(from 1 to 8 in
the case of 20.11 and 20.12 and from 6 to 13 in the case of .
P59/20,14 and P110/20.13), the ratio of electrojet strength of
high jet day to the low jet day is the same aé the ratio
of corresponding ground AH. This shows that non-ionospheric
faétors did not affect the current density in the EEJ on

these days. Hence the large AH secn at the time of launch
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of Fl. 20.11 and P59/20.l4 must be due to increased strength
of the REJ itself. Also, since the current density profiles

of the high jet days as well as thé low jet days of Figure

4,8 show single layer structure, the day-to-day variability

of the EEJ intehsity.and consequently the wvariability of H
component at the ground should be fully explainable by & single
layer EEJ alone. In other words, at least, as far as the
results from the abowe four flights are concerned,}thére is

no need to postulate the formaéion and disappearance of
additional cur?ent layers to explain the observed large day-

to-day variability of the H amplitude,

Since from the above discussions it is evident that
on magnetically quiet days, the electrojet is the only source
of day~-to-day variability of H amplitwW e and since ths varia-
bility cannot be accounted for by the apparent changes the EEJ
parameters already mentioned, the important ionospheric
parameters that can cause the large changes in the EEJ
strength from one day to another must be identified. Tﬁe
+two known sources that can bring about large changes in EEJ
current density are (L) the winds (both global and local)
that control the electric fields in the region of the
ele ctrojet and (2) the electron density that controls the
ionospheric conductivities. Day-to-day changes in the electron

density in the region of the electrojet is well understood.
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but it is known from ground based investigations, for instance
Kane (1972), that day¥to—day electron density changes are not
well correlated with the day-to-day changes in the amplitude of
H variation. Thus, the day-to-day variability of the lonocs-
pheric conductivities controlled by electron density changes
may not be the major source of day-to-day variability of H
variation. This leéds us t o investigate the winds and electriq
fiel ds as the primary source of H variability, as suggested

by Dunford (1967), Akasofu et. al., (1969), Matsushita (1973)
and many others. Since our results show that certain para-
meters of EEJ such as, the vertical distribution of current
dénsity; altitude of Jmax and Vertical extent of current lawr
do not change drastically from a low jet day to a high jet

day, the electric fields responsible for the day—to—day'vafia—
bility may exhibit large day-to-day variability in intensity
but not in its vertical distfibution. To test this hypothesis
and to establish that winds and electric fields alone are
responsible for large day-to-day variability of ground H
variation amplitude, what is needed is the simultaneous measure-—
ment of the ErJ éurrent density, electron density, electric
field and day‘time-winds over the equator on normal, le and

high jet days.

Prediction of vertical profile of current density cn'a quiet day:

From the results presented in Sec. 4.1 and 4.2, it is

seen that on quiet days, irrespective of the strength of EEJ,



94

the lower and upper boundaries of.the electrojet layer remain
at 90 and 130 km respectively and the peak of current density
stays at 106 + 1.5 km altitude. Further, the strength of EBEJ
is proportional to the ground AH and the vertical distribution
of current density remains unaltered. These results and the
data from several other quiet day measurements on the EEJ
presented in this section and summarised in Figures 4.lla and
4.11b suggest that it is possible to predict the vertical
distribution of current density in the EEJ for any time of a
quiet day, given the H variation data from a station under

the jet.

‘Fig. 4.1la shows the relation between ground AH, .
and the peak current density measured in 9 rocket flights
conducted from Thumba, It can be seen that there is a linear
relationship between /\H and Jmax' Most of the flights were
conducted on magnetically quiet days (Ap 4\10). The line of
least square fit giving the relation between A H and Jmax

passes through the origin showing that the non-ionospheric

contribution to /A H changes was negligible on these days.

Figure 4.11b shows the current density distributions
obtained from all the noon time rocket magnetometer experi-
ments from Thumba, after normalising their peak current density
values to lolamp/kmz. It can be seen from the hean curve,

that the electrojet current density maximises at 106 km
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altitude and the current layer has ‘a thickness of 12 km
(100-112 km) at half power points. The peak current density
of 10 amp/km2 corresponds to a /AH of 100 nT at the ground
as can be seen from Fig. 4,11la. The current density values,
fér the mean curve (7*) shown in Fig. 4.11b for the altitude
range of‘9O to 130 km, are listed in table 4.2, together with
the standard error. From the tabulated values of J*, the
current density value for any given [ H can be obtained from

the relation,

NH

J(h) = J*(n) 700

(where h is the altitude).

The scatter around this curve is less than + 1 amp/km2u
The curve represents fairly accurately the current dist;ibutioﬂ
in the jet on magnetically gquiet days. The scatter is mainly
due to the experimental errors involved .in the measurement of
current density, the behaviour of the rocket in each experi-
ment whose data has been used here and small changes in'the
parameters of électrojet. In the next section 4.4, tﬁe
changes in the width of the electrojet during these expéri—
ments have been examined. The width appears to have remained
within 300 + 40 km in all the cases except Fl. 20.09. The
width varying within these limits might have contributed to
the scatter, but has not significantly affected the';ertical

profile of current density. This means that changes in jet
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altitude(h) J% Altitude J

Xm amp/km® G (h) Jm amp,/km G
90 0.73 - 0.48 112 4,84 0.76
92 1.04 0,58 114 3,91 . 0.46
94 1.58 0.45  1lle 3.30 0.47
96 2,53 0.45 118 2.62 0.54
98 3.74 0.35 120 2.10 0.56

100 5.08 0.40 122 1.73 0.56
102 6.68 0.67 124 1,37 0.55
104 8.93 0.83 126 1,07 0.51
106 9.34 1.13 128 0.77 0.43
108 7.52 1.47 130 0.87 - 0.45
110 6.11 1.24 '

o . e o T . e A oo S Wt T " v T e S e T Mt ey T e S P e % S e e e s e g Se e e

TABLE 4.2. Tabulated values of current density 3 in the
electrojet for different altitudes, based on the mean curve
of Fig. 4.11b. The standard error ¢ , showing the possible
departure of the tabulated values from actually measured
current density values are also shown. The current density
(7) for any given /\H can be obtained from these J* values

using the relation,

J(h) = 3%(h). AH/100. The J* values are
normalised for AH = 100 nT and hence the division by 100 on

the R, H.S.

Note:- In normalising the J profiles, only the peak values

of J are normalised and not the altitude at which t hey peak.
This gives more scatter near and around the peak (as seen

from the § values), as the J profiles peak at slightly different
altitudes between 104 and 108 km. More number of flights

peak at 106 km and hence the pronounced peak at this altitude.
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width might change the intensity of the jet but not the

vertical profile of current density distribution in the jet.

Rogister (1971) and Sato (1972) have suggested that
the current density distribution in the EEJ will be modified
on high jet days due to stabilisation of the two stream insta-
bility. If the mechanism suggested by Rogister and Sato does
operate, then the prediction of the vertical profile of

current density proposed here by invoking the proportionality
between AH and Jmax will not be valid., We have examined
this problem with the available data from in-situ measurements.
it may be recalled that type I irregularities are g enerated
in the electrojet region when the electron drift velocity'vd
exceeds the threshold, which is the ion acoustic velocity Cg
in the medium. CS is about 360 meters/sec in the E region.
The ground based radar studies show that the drift velocities
of the irregularities, as obtained from doppler shift of
backscatter radar echo from the type I irregularities, remain
close to the Cg value even when the electrojet strength is
quite high, as seen from large diurnal amplitudes of the
geomagnetic field variation at the ground., Rogister and
Sato have explained this observation by suggesting that the
stabilisation of two stream instability will restrict the
peak current density in the electrojet to such a value that

electron drift velocity does not exceed the threshold, and
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at the same tine the height integrated current density in

the electrojet remains unaltered, so that the total current

in the EEJ can account for the magnetic field variation
observed at the ground. If this mechanism is opératiVe, one
would expect redistribution of current density in the jet on
high jet days in such a way that the J profile will show a
reduced but broader maximum and larger thickness for the
currént layer. Whether this mechanism really becomes operative
or not, cannot be tested by ground based observations. It

needs in-situ measurements.

The flight P59/20,14 measured the highest peak current
density of all the magnetometer flights from Thumba so far.
The peak current density measured in this flight is 13.2 amp/
km?. The A Hvalue at the time of this flight was 135 nT.
The current density profile for this flight is shown in Fig.4.9
together with a noon time, rocket measured electron density
profile. The drift velocity derived using the relation
a is the electron drift velocity, J is the

current density, Ne is the electron density and 'e' the

Vd = J/Nee, where v

electronics charge, is also shown in the Figure 4.9. It
can be seen that the drift velocity Vd exceeded the threshold
velocity 360 m/sec, between 100 and 106 km altitude and

reached a peak value of 500 m/sec. Neither the flattening

due to reduction of peak current density nor signs of
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redistripution of excess current that should have given the

current layer a larger thickness ig evident in the J profile.

Recently Kato (1973) has examined the problem of
iohospheric irregularities. He finds that th e stabilisation
of two stream instability sets-in, not when electron drift
velocity V _ exceeds the threshold ion-acouséie V,el.ocity.CS

d

but when V. exceeds 1.4 times C'. But the resultg from

ol
Fl, P59/20,14 presented in Flg. 4.9 shows that Vd reached

a Vaer nearly l.4 times C o/ still no effect attributable

to stablllsatlon of two stream 1nstab111ty is seen. Hence,

the mechanism suggested by Rogister and Sato does not become
effective at least upto AH & 135 nT and'vd$:500 m/sec.

The question whether the stabilisation becomes effecﬁive
beyond these values, is open for investigation. In any case,
the number of quiet days with AH - . > 135 nT, may not
exceed 1 to 2% in an year. ‘Hence,'we‘can conclude that the
stabilisation of two stream instability does net affect the
prediction of vertical profile of'current density as presented
here. However determination of vertical distribution of

current_density on abnormally strong jet days may need in-situ

measurements.,

Relation between J, AH and Hinduced:

It may be pointed out that in the exercise of deriving

conclusions for the prediction of distribution of current
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density in the electrojet, presented in section 4.3, the
dependence was entirely on the data available from in-situ
as well as ground measurements. No model was invoked. Also,
while examining the causes of day-to-day variability of H
amplitude, ionospheric and non-ionospheric causes were
examined. The effect of currents induced in the ground by
the'electrojet was taken as part and parcel of ibnospheric
effect. In this section 4.4, we will examine how well a
simple EEJ model such as the one proposed by Chapman and
McNish can explain the experimental data available ﬁo us from
ground magnetic stations and rogket experiments. In the
process, we will re-examine the relation between the H
variation observed at the ground andthe electrojet strength
measured by the rocket magnetdmeters and establish the

» . . . h I . . .
ratio H*nt/Hext for the Indian region around Thumba

The Model s

in Chapman—McNish model, the EEJ is cohsidered as
symmetric with respect ﬁo the dip eguator and having a
thickness that is negligible compared to the altitude of
the center of EEJ from the ground. The horizontal component
of the magnetic field due to the jet of width 2W and current
intensity i, at a distance h from the current layer is

written as,

(1)
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where X is the latitudinal distance of the station from the
dip equator. Quantities h and i are obtained from rocket
measurements and W is determined from H variation data

obtained from the ground stations in the electrojet region.

Determination of widths:

The half width w of the‘electrojet is defined as the

distance from the dip edﬁator where-the.ground 2§H becomes

0.7 df that at the dip equator.' The ground / H values at the
launch time of the rocket flight, are obtained from the ground
observatory magnetograms. The Base line for evaluating the
-\ H is chosen as the éverage of the H values at 2300, 0OO0G0O

and 0100 hrs IST on the previous night and the following night
of the day of launch. For most of_the flights, the &H
values are available from the three regular observatories
Trivandrum, Kodaikanal and ‘Annamalainagar only. For the two
flightslpllo/zo,lB and P59/20.14 data from two more ground

Rb magnetometer stations, one at Kovilpatti and another at -

Tiruchirapalli are also available.

The AH values at the time of the rocket launch are
taken from the ground stations and a éurve of the form
Y = A+ B X2 is fiﬁted to these points. Y is the AH value
corresponding to the latitudinal distance X of the ground

station. From this fitting, the value of X at which Y is 0.7
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of A is obtained. This value gives the half width W of the
electrojet. The square of the multiple correlation coeffi-
cient or the coefficient of determination, R2 is evaluated
for each of these curves fitted, to check whether the fitting
is good or not. When R% ig 1, the fit is good and zero
indicates a misfit. In most of the cases, here, the value
of R2 was better than 0.9 and‘in few cases they were around
0.87. This indicated that the curves fitted are correct
and that the assumption that the ground ¢QH falls off with
latitude in a parabolic manner in the region of interest

that must be considered for determining the width of the jet

is wvalid.

Ground induced image of the electrojets:

The contribution from the induced currents in the
earth to the H variation at the surface level is estimated
using the "image method" suggested first by McNish (1938)
which has been later discussed by Chapman (1951). The image
method assumes that the overhead electrojet currents produce
an image current equal in intensity but flowﬁng in the
opposite direction. Figure 4.10 shows schematically the EEJ.
and its image underground. The direction of flow of currents
and magnetic effects due to these currents are also shown.

It can be seen from this diagram that the H component of the

electrojet field and that of its image add at the earth's
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surface. The layer just below the earth's surface is a bad

conductor. The conducting layer below the earth's surface

- 1s often estimated by dee? earth sounding. Rokitivyanskiy

-(1969) has analysed the magnetic sounding data from the Indian

Ocean Survey. He finds that the conducting layer is at a
depth (d) of about 250 km, below the ea:th‘s surface, in the
south Indian zone. Here, this value of d has been uséd.

The image of the electrojet will be férmed at a depth of

(d+h) from this conducting layer or 2d+h = D from the surface

‘of the earth. h is the altitude of the electrojet from the

ground. Replacing 2d+h in the place of h in equation (1),

the contribution of the image currents is calculated.

Evaluation of H due to the currents:

The field H due to the overhead electrojet can be

written from equation (1) as,

i 2Wh )
H=H = = arctan — {2)
ext W . (h2+X2~W2 )

where h is the altitude of the electrojet from the ground.

The contribution due to the image currents can be

written by replacing h in equation (2) by D{=2a+h),

k-

int 2rx2y?

arctan'( . 28D r) (3)
\ D
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It can be seen that the rocket magnetometer measures
the total magnetic field due to the electrojet as it traverses
the current layer. The difference in AF between 90 km
(below the current layer) and 130 km (abové the current léyer)
is the total field due to the electrojet. As, we have assumed
that the electrojet is a band of uniform current, the magnetic
Ffield below the current layer is of the same magnitude but
of opposite sign to that ébove it. Therefore, the fieid
due to the electrojet just below the current layer is half of
the total departure (AFg, - llFl3O). This field is denoted

as FR.

Fy - A F(90 km) = AF (130 km) (a)

This Fgp is nothing but H in equation (1) at h = 0 and X = O.
As the rocket is launched towards the center of the electrojet,

¥ can be takem as zero.. Putting this in equation (1)

- i 2Wh
Bph=0 = W arc tan ( N, \

il

FR
ho+X"~W

il

% arc tan (0)

The function arctan (0) can take any value nj{ where n is
an integer and varies from O to=) , Here n can take only 1.
This is because, the other values of n will introduce sharp
discontinuities in the H values when evaluated with various

h values: The field H will increase steadily as h decreases
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and wil. be a maximum just oelow the current layer where h

ecquals zero.

i . i R
= = 7 = = —_— 5

Fn w or W o~ (5) |
substituting this value of % in equation (2) and {3) ;
Hoyp = T% arc tan [ —5—2%2—5—) (2") |

e 7 | no+x-w® | |

Hyp = R arc tan ( 5 QD 5 : (34) i

- A -\ DX |

In equations 2' and 3°', Fp and h are obtained from the rocket

flights, D from Rokitiyanskiy's results ahd W is derived from

the ground data.

The He and Hin values aré evaluated for all the

xt t E
li

three regular observatories, Trivandrum, Kodaikanal and L
K T

|

|

Annamalaihagar which are situated at different X values,

values, the field produced at the

From H and H.
e in

xt t
ground due to the electrojet and its image (Hext+Hint) is

obtained and compared with the grouhd A H value; The ratio ;;

Hint/Hext for the region around Thumba is also evaluated.

4,4,5 Errors and uncertainties in the estimation of Hipt and Hgyt 3

‘Uncertainties in the determination of parameters h, i

Fpr W and d will introduce errors 1in the flpal Hext and Hy . }5
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values. As pointed out in Chapter 3, the uncertainty in h

is about + 1.5 km. The experimental accuracy of determining

'F_ is about + 2 nT. These uncertainties introduce no signi-
ficant errors in the estimation of Hintand Hext' The value of
d is taken as 250 km on the basis of experimental result
obtained after an extensive survey of the Indian Ocean region
by Rokitiyanskiy as stated earlier. Also, there is evidence
from POGO satellite survey, the results of which have been
discussed by cain and Sweeney (1973), that the depth of
conducting layer cannot be less than 250 km in the Indian
region. Their results (Fig. 16 of their paper) show signié ' :
ficantly low ground conductivity forvthe:region between 50°

and 100° longitude. Based on the POGO results, Cain and Sweehey

|
j
suggest a depth for the image plane for this region, that , ]
is about one third more than the value for Huancayo and %
South American region. This means that 4 is about 270 to
300 km for the Indian and Southeast Indian Ocean region, which 

agrees with the value of d assumed by us.

The major error that enters the calculations of Hintl

wb? could be from the uncertainties in the determination

of ‘W, the width of the jet. Lack of closely spaced stations

and H
e

between 1° and 5° dip latit ude where the magnetic effect of
the jet falls off rapidly, and also the absence of stations

to the south of the dip eqguator in the Indian region, contribute
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to the uncertainty in the correct determination of wW.

However, the error due to an uncertainty in the evaluation

of W can be estimated. If the jet has a half width of 300 km

and if the uncertainty in determining this width is as large
. o - ~ .

as + 50 km, the error in determining (HeXt Hlnt) value is

only + 5nT.

In table 4.3, the results of measuréments from nine
magnetometer experiments conduéted ofer the period between
1966 and 1973 and the estimated values of (Hint and HeXt) and
the ratio Hint/Hext are shown. It can be seen; that the

estimated value of (Hi +Hext) using the simple chapman-McNish

nt
model agrees fairly well, within + 5 nT, with the AH observed
at the ground. It can also be seen that the ratio Hint/Hext

is about 0.4 for the Indian region.

conclusions:

The study of diurnal variation of electrojet parameters using

rocket-borne magnetometers shows that,

1) The strength of the electrojet varigs in accordance
with the ground magnetic field variation during the
course of a day.

2) Other parameters of the electrojet such as the
thickness of the current layer, altitude of Jm ,

ax

and the distribution of current density in the
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Jet {or in other words the vertical profile of current
dens ity) do not change significantly from noon tb
afternoon hours during the'courée of 8 quiet day.

No significant current flows during'the night on
magnetically quiet days. |

Experimentally measuréd current density peaks at a

distinctly higher altitude compared to the altitude

" of G. , calculated by using model values of iono-

$S)

spheric parameters f{taken from CIRA 1965 model).

4.5.,2 The study of day-to-day variability of electfojet parameters

has shown that,

5)

6)

7)

Largé day-to-day changses in the amplitUde of H varia-
tion observed on qﬁiet days are due to changes in the
strength of the electrojet itself. Changes in other
electrojet parameters do not contribute significantly
to the day-to-day variability of H amplitude.

Changes in the velocity of winds that control the
electric fields in the region of the electrojet are
the main sourcé of day-to-day variability of the
strengthaf the electrojet and consequently the
variability in H variation applitude.

Magre tospheric contribution to the day—to~day

variability of the strength of the EEJ is negligible.
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8) Given the magnetogram from a station under the electro-
jet, it is possible within certain limits to predict

-~ the vertical distributicn of current density in the

jet at any time of a magnetically quiet day.
9) © Neither the reduction of peak current density nor the

redistribution of current density in the jet, supposed

to become effective on high jet days due to the
stabilisation of two stream instability in the EEJ

region is evident in the current density profiles

obtained from in-situ measurements. The results
show £hat the mechanism of stabilisation of two
stream instability suggested by Rogister and sato,

to explain the back scatter radar echoes from type I
irregularities on high jet days, does not becoﬁé
operative at least upto jet strengths equivalent

to AH £ 135 nT,

10) A simple uniformm current band E&J model, that takes
into account the earth induced currents can explain
the ground magnetic variation in terms of rocket
measured electrojet strength. The magnetic field
values calculéted from the EEJ model agrees with the
observed field at the ground within + 5 nT. |

11) The depth of the conducting laYér cannot be less than
250 km for the Indian Zone around Thumba. Based on
tﬁis value of d, the ratio Hih%/Hext for the Indian

zone is 0.4,



CHAPTER 5 ' : ELECTROJET . DURING THE MAIN

PHASE OF A MAGNETIC STORM

Introductions

The results of a study of the quiet day electrojet by
in-situ measurements of magnetic field were presented in the
prévious chapter. In this chapter, the results from a unique
rocket magnetometer flight conducted for the study of ﬁhe
equatorial electrbjet during the main phase of a magnetic

storm will be discussed.

It is now well known that just as the amplitude of the

- regular quiet time diurnal variation of geomagnetic field shows

an enhancement in the equatorial region, some of the éhort
duration disturbances also show such enhancements in this
region. Ferraro and Unthank (1951), Sugiura (1953), Yamura
(1954) and many others have studied the enhancement of storm
time disturbance éffects near the dip equator. Sugiura (1953)
pointed out that the storm sudden commencements (8sC) during
day time show considerable enhancements in the equatorial
region. Enhancementé of the amplitude of initial phase were
observed by Vestine (1953) and Forbush and Vestine (1955),

and the énhancement of negative 3SCs was reported by

Matsushita (1960). Vestine (1953) who studied the field
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depression during the main phase of several storms found no
enhancemert in the main phase depression in the equatorial
region. Obayashi (1969) has summarised the effects of extra-
terrestrial origin observed in the electrojet region. He has
‘discussed the origin of the DP2 associated fluctuations,
occasionally seen in the electrojet region, during certain
disturbed periods. The various storm time effects in the

electrojet region have been reviewed by Bhargava (1969).

Kane (1973) has evaluated the DS component during the
‘magnetic storm and:has observed that the equatorial électrojet
during the noon hours usually weakens during the main phase of
a magnetic storm and‘sometimes during the recovery phase also.
Some of the important features of disturbed day geomagnetic
variations have been summarised'andvpresented in a recent

review by Kane (1976).

Taking the observed day time enhancement of disturbance
variations in the equatorial region as mainly of ilonospheric
origin, mechanisms have been suggested by Akasofu and Chapman
(1964), Closs (1967) and others to explain the augmentation

of SSC and initial phase effects in the equatorial region.

The only in-situ measurement carried out so far for
the study of mid latitude ionospheric currents during magnetic

storm did not,'according to Burrows (1976), show ahy modifi-
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cation of the Sg currents during the storm. No results of in—f
gitu investigation of equatorial electrojet during a magnetic |
storm have been reported so far except the one presented here.
In this'investigation, the effect of the storm on the equato—b
rial electréjet has been studied using simultaneous measure-
ments from a rocket-borne magnetometer and the data from a
string of ground magnetometer stations spread in latitude

across the electrojet region.

Details. of the Experiment:

A Petrel rocket carrying a dual cell Rb. vapour magneto-
meter (FL. P60/20.15) was launched from Thumba, én February 13,
1972 at 1825 hrs. IST. The magnetometer sensor was moﬁnted at
an angle of 45° to the rocket spin axis. The rocket was
launched at an azimuth of 266° and an elevation of 86°. &s
discussed in chapter 2, sectioh 2.1.2, with this mounting and
launch coordinates, the magnetometer will give good signal
except during £wo narrow dead zones in a spin cycle. The
rocket reached an apogee of about 143 km., The trajectory
information was bbtained using the radar skin-track data,
the azimuth and elevation values from the ground tone-range

system and the on-board magnetometer data.
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Data from the rocket-borne magnetometer was obtained

throughout the upward leg of the flight. Soon after the apogee,

the data was lost due to telemetry failure. Signal appeared
again just before the vehicle reentry and good data was
obtained thereafter. The fore4body release mechanism used

for separating the experimental payload from the second stage
of the rocket did not functiomn, which'resuited in a modulation

of the measured field by about + 10 nT.

Ground Data:

The launch day, February 13, 1972 was characterised
by a mild magnetic storm. The H variations recorded at Tri-
vandrum, Kovilpatti, Kodaikanal, Tiruchirappalli and Annamalai-
nagar stations which are under the equatorial electrojet, the
records from Hyderabad and Alibag observatories which are
away from the electrojet and the magnetic H variation at

Sabhawala, an observatory near the S5¢g focus; on February 13,

1972 were examined to determine the effect of storm on the

diurnal variation. Figure 5.1 shows the H variations
observed at theée stations on the day of launch. It is seen
that the magnetic field variation was undisturbed as on
quiet day until about 1600 hrs. IST. The field started
decreasing rapidly after 1600 hrs and reached a minimum

around 1830 hrs IST. Thereafter the f ield started recovering.
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The rapid decrease in the H field after 1600 hours IST was
due to the main phase of a magnetic storm. The day was

characterised with an Ap index of 22.

Discussion:

It is seen from the magnetograms of Figure 5.1 that
the H variation level of the previous midnight was quiet, at
all the stations. The depression from the previous midnight
level in the H component at the launch time of the rocket,
(1825 hrs IST) at differént stations considered, is shown in
table 5.1 . Careful examinétion of the data bf
Figure 5.1 and table 5.1 show fhat the depression is not the

same at all the stations.

e e T e e e e e e R T e e D e D e U ——

Station Depression at 1830 hrs on February 13,

1972, in nT.

-8 s g (ot S e v o e, o e et b Rl e vy S T o e e o oy oy Sy Y T S Y — . —. PV . o " P e S e W - . o v - T T — - re ey Fotn

Trivandrum 29
Kovilpatti 30
Kodaikanal 30
Tiruchirapalli 32
Annamalainagar l4*
Hyderabad 39
Alibag 40
Sabhawala 55

*The instrument did not function between 0900 to 1100 hrs IST
and the A H at 1200 hrs IST is greater than that at Trivandrum
TABLE 5.1 The depression in the horizontal,component of the

earth's field, below the previous midnight level at 1830 hrs

IST on Feb. 13, 1972, recorded at the various ground stations
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The depression is minimum at Trivandrum and increases syste-
matically with latitude. We will first examine, how this
can happen.

/

As the depression in the magnetic field due to the
main phase of the magnetic storm is caused bylthe magneto-
spheric ring currents, the depression can be expected to be
the same at low latitude stations like Trivandrum and &Alibag.
The magnetic_storm effect has a symmetric component Dgt and
an asymmetric component DS. Tﬁe values of equatorial Dgt are
levaluated periodically and published by Sugilura and Poros (1971).
The Dgi is latitude dependant, and changes as Dy Cos § where
£ is the geomagnetic latitude of the station. Dgt Cos @
is not very much different for the stations Trivandrum and
Alibag, hence latitudinal dependence of Dgy cannot explain
the observed difference in depression at these two stations.

DS effect is longitude dependant and is not evaludted
regularly. The longitﬁde difference between Alibag and
Trivandrﬁm is negligible to have any difference in DS effect.
Therefore, the observed systematic decrease in depression
with latitﬁde must be of ionospheric origin. An estimate

of this effect can be made as discussed below with the

available data.
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One:method of evaluating the strength of the electrojet
is to subtract the H variation at Alibag from that of Trivandrum,
By this way the common magnetospheric effects are removed-and
the remainder will be mostly the ilonospheric éffect,specially
that due to the electrojet. The Hy - HA curve for February
13, 1972 is shown in Figure 5.2a. It can be seen from this
that a positive departure of about 10 nT persisted at this
tiﬁe at the ground, due to the electrojet flowing eastwards.
To find whether.such a positive variation of about 10 nT is
normally expected at these hours (1830 hrs) on guiet days or
not, the average of the H variation on five international
quiet days for the months of January, February and March 1972
aL Trivandrum was examined. This average.yariation is. shown
in Figure 5.2b. It can be seen here also, that on the average,
a2 positive excursion of about 12 nT at 1830 hours is expected
on guiet days in this season, indicating that the depression
being less at Trivandrum at 1830 hrs on February 13, 1972 as
compared to other stations is dué to a positive contribution
from the ionospheric currents. This means that the storm
depression is counteracted. by the normaliy present electrojet
effect and what is actually observed at the ground is the
fesultant of storm depression and the positive effect of the
electrojet.. While the stgrm effect does not change appre-

ciably with latitude, the electrojet effect falls off
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rapidly with latitude. This explains why the depression is

minimum where the jet effect is maximum.

The evidence to show that both the storm effect and
the jet effect were simultaneously present at the équatorial

stations during the storm main phase comes from the rocket

measurements of Flight P60/20.15. The result from this f£light

ig shown in Figure 5.3, where the difference field A F is
plotted against the altitude. It can be clearly seen from -
'this figure that there is no indication of reversed currenﬁs
at the time of this flight that can account fo: the field
depression observed at Trivandrum and other low latitude
§tations. Further, there is an indication that the cﬁrrent
flow, whatever its intensity be, was normal as on a normal
quiet day. It can be seen from Figure 5.3 that the AF levels
below’9O km and above 130 km are distinctly different and

the first level is higher than the second, during both

ascent ang descent. Intensity of the current cannot be
estimated correctly due to large modulation on the AF
profile, but it can be said that the electrojet effect cannot
be more than 20 nT , which is the peak to peak amplitude

of the modulation. This is the electrojet effect that is
expected corresponding to the ground variation of 10 nT
v'quggyed_at the time of the flight as.discussed earilier,

(Figure 5.2). Thus, the study of the data from the ground
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stations and the data from in-situ measurements show that

the main phase of the storm did not affect the electrojet.

Conclusions:s

1.

The rocket magnetometer launched during the main phase
of a storm did not detect aﬁy reversed currents that
cculd produce or could have enhanced the depression
observed on the ground. This indicates that the

observed depression is of magnetospheric origin.,

There is an indication in the flight results of an
cast-ward electrojet at the time o£ the flight, whose
magnetic effect is of the order of 10 nT. From an
analysis of thé ground station data, such an electrojet
effect is'expected on quiet days in this season. The
marnitude of this currcnt is sufficient to account for
the systematic decrease in the depression of the
magnetic field observed as the center of the electrojet

is approached.



CHAPTER 6 ‘ JOULE HEATING OF ELECTRONS DUE TO
' THE ELECTROJET CURRENTS

Introduction:

The electron temperaéuré'distribution, under equili-
brium conditions, is determined by balancihg thg rate of heat
input to the ambient electron~§as and thé rate of energy loss
by various loss processes. Solar radiation ié the dominant

heat source for the atmosphere.

The process of heating by the solar radiation is as
follows. When the solar radiation causes an ionigation
reaction, the photoelectron produced generally has kinetic
energy much greater than the energy of the ambient particles.’
These‘photoelectrons lose energy by collisioﬁs with the |
neutral atmosphere, mostly by excitation process, or in
coulomb collisions with the ambient electrons. The former
process is important at lower altitudes, but becomes in-
effective once the photoelectron energy drops bélow 1.5 eV,
The remainder of the energy then goes to the electron gas.
The electron~electron collision rate is sﬁfficiently great
relative to the others that the energy gained ie randomised,

resulting in a Maxwellian energy distribution, characterised



119

by the " emperature Te. The loss due to elastic collisions
with the positive ions become the dominant loss mechanism
above 300 km. The ions and neutrals, cexcept in the upper F-
region, attain equilibrium amongst themselves and are consi-

dered to have a common temperature Tg.

Based on these considerations, theoretical electron
temperature profiles have been derived by Hanson and Johnson
(1961) and Hanson (1962). The work of these'authors have been
extended by Dalgarno et. al., (1963), Willmore (1964).,
Geisler and Bowhill (1965), Banks (1966) and Walker (1968) -
amongst others. Basic results of these theoretical calcula-

tions ares

‘a) The electron temperature increases with the altitude
throughout ° the ionosphere. There is a thermal disequili-
brium ¢ .ove 120 km, where t.ie electron temperatureiTe ig
greater than the reutral gas temperaturé Tg' Below this
altitude‘TngTg.

b) The energyvthat maintains T above Tg comes from the

solar radiation. The energy absorption from the solar radiatio
is maximum around 160 km. Due to this (Te—Tg) increases

upto this altitude, and above this altitude, (Te—Tg) still

continues to increase for a few kilometers due to increasing
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heating efficiency of the photoelectreons at these altitudes.

Above this, the difference (Te—Tg) is expected to fall.

‘¢) In the upper F-region, the ion temperature T; always lieé
between Te and Tg,‘because ions gain energy by elastic colli-
sions with the electrons and lose it by collisions with
neutrals. Below 250 km, where the neutral density is much
greater than the electron density;Ti = Tg and at greater
heights where the neutral density falls faster than the

electron density, Ti is greater than Tg.

d) Below 120 km, the collisional cooling is so large in
comparison with the solar EUV input, that Te = Tg = Ti’
Walker (1968) has suggested that electrons in this region,

may be in thermal equilibrium with the vibrational levels of

N2.

Though the temperature distribution is often derived
by assuming the solar EUV radiation as the only source,
Harris and Priester (1962) pointed out that, unless the
heating efficiency of EUv absorption is unusually high, the
magnitude of EUV heating is not sufficient to maintain a
normal thermosphere. Roble and Dickinson (1973) showed that,
on the basis of the observed temperature gradients at the

lower thermosphere boundary, approximately two or three
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times the computed EUV heat input is needed to maintain the
mean thermosphere. To account for theadditional energy source
needed to explain this{ several‘mechanisms have been suggested
as sources of heat energy for the étmosphere. Some of these
mechanisms are chemical reactions, abso;ption of energy from
charged particles; hydromagnetic waves, joule heating by the

electric currents and atmospheric gravity waves.

The joule heating by electric currentslwas recognised
as an important heat source in-the disturbed thermosphere by‘
Cole (1962). Kato (1963) suggeéﬁed fhat.the joule heating
due to the strong currents in the equatorial electrojet will
increase the electron temperature over the neutrals in the
Equatorial E-region. Recently, Ching and Chiu (1973) have
considered the jbule heating as an important contributory
heat source in the maintenance of the mean thermosphere>:
itself rather than treating it in a restricted sense as a
‘transient heat source of the disturbed thermosphere or just
as a local heat source such as the electrojet. This trend
indicates thaf the joule heating due to electric currents
in the upper atmosphere has gained recogniiion as a potential

heat source for the maintenance of the normal thermosphere.
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Here, the effect of joule heating in increasing the

electron temperature dver the neutrals in the equatorial E-

| region is studied by rocket-borne measufements of the electric
currents and the electron temperature simultaneously. This
is the first study in which an attempt has been made to under-
stand the joule heating éffect, by in-situ measurements. The
results of this study has been discussed in detail by Sampath
et. al., (1974). Here a brief summary is presented, without
leaving the essence of this study, while the details are

found in the attached reprint of the above said paper.

6.2 Flight details and flight data:

A Nike-Apache rocket (FL.20,11) carrying a proton
precession magnetometer and én electron temperature probe was
launched on April 25, 1971, at 1130 hrs. IS8T, from Thumba.
Tﬁe day wés magnetically quiet. The ground A H was about
120 nT at tﬁé'time of‘fiight indicating a strong electrojet.
The rocket reached an apogee of about 160 km. The electron
temperature probe used is the same one as described by Hirao

and Oyama (1970).

Good data was recovered from, both t he magnetometer
and the electron temperature probe., The electron tempera-

tures Te measured during this f£light are shown together



123

with the neutral gas temperetures Tg taken from the CIRA 1965

model, in Figure 6.1a. The current density derived from the

‘magnetometer data is shown in Figure 6.1bs

Discussion of the flight results:

From Figure 6.la, it can be seen that the measured
electron temperatufes increase throughOut in the E-region and
were considerably higher than the model neutral temperatures
Tg. To study whether the joule heating effect is present or
not, the excess of Te over Tg' obtained from Figure 6.1la, is
shown in Figure 6.1b, together with the electrojet current
density J. ihe Te-Tg profile shows a broad maximum around
106 km, corresponding to the electrojet layer, This quali-
tatively indicates that joule heating increases the electron
temperature over that of the neutrals in the E-region around
106 km. To get a gquantitative estimate of the joule heating,
the energy delivered by the electrojet or the heating rate
QH of the electrojet is estimated from the measured electrojet
strength. This is compared with the energy needed to maintain
the observed temperature difference or the cooling rate QTa
The heating rate is obtained using the relation QH = JZ/GE
where 0, is the cowling conductivity. In calculating the
cooling rate, the only loss process considered is the loss

due to collisions. Other loss processes such as conduction
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FIGURE CAPTION

FIG. 6.1. a) Altitude profile of electron temperature T,
measured by a rocket-borne temperature probe. The rocket
wWas launched from Thumba, near noon when the clectrojet was

strong. Tg is the CIRA 1965 model neutral gas temperature.

b) Figure shows the results from gsimultaneous measurement of
electrojet current density J and electron temperature. J
profile shows the vertical distribution of current density

in the jet‘and Te—Tg shows the profile of excess electron
temperature over the neutral gas temperature. J shows &
sharp maximum at 106 km. Te—Tg also increases in the s ame
was as J to reach a maximum near 106 km but shows a broad

maximum extending upto 120 km,

c) Qy is the energy generated due to Joule heating by the
observed. electrojet current. QT‘is the theoretically Caléu—
lated energy that is needed to maintain the observed tempe-

rature difference Te-T It can be seen that QH is roughly'

g.
one third of QT near the center of the electrojet. P
is the mean fractional energy loss per collision of electron
with neutrals. The values of }\ around the center of the

electrojet shows that collisions are inelastic in this

region.
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are neglected. This cooling rate QT is calculated according
to a method followed by Dalgarno et. al., (1963). The
observed temperature difference (Te—fg) shown . in Figure 6.1b
is used in evaluating the cooling rate, QT' These twO para-
meters.QT and Q are shown as a function of altitude in Figure
6.1lc. From this figure, it can be seen that the measured
electrojet strength can account for only one third of the

observed temperature difference, (Te—Tg).

This discrepancy could be partly dﬁe to the error in
the measurement of electron temperature by the probe method.
The main sources of error in the probe measurements are the
contamination of the probe surface and the sheath effect.
Hanson et. al., (1969) and Brace et,.al,, (1970) have shown
that the electron temperatures measured by the probe method
are always higher than'the values obtained from back scatter
methods. If this istrue for the E-region measuremenﬁs, then

the observed discrepancy will be reduced.

Another contributing factor to the discrepancy could
be that the model Tg values have been used here. NQ measure-

ments of Tg over the equator are available at present.

The bhest solution to this problem, is to measure

the electron temperature in the night-time at the equator,
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when the electrojet current effects are negligible and

_compare it with the daytime measurements.

In the casevof'joule heating( an equ%librium will be
soon established between the heating rate and the cOoling rate
due to collisions. Under such an equilibrium condition, the
rate of enefgy loss per collision by an electron with the
neutral, can be evaluated. This important parameter A helps
in understanding the‘nature of collisions between electrons
and neutrals. Following Kato (1963), at equilibrium,vthe

heating rate and the cooling rate can be equated as.

2
J 3
— = K h eﬂ % Te- T
G 5 ( 5)
where k is Boltzmann's constant, Ne’ the electron density and
)%n the electron neutral collision frequency. The collision

frequency is calculated using the parameters given in CIRA
1965 model. Thc electron density profile is taken from a
noon time fllght, prakash et. al., (1971). The X values
obtained from tbe above eguation, are plotted as a function

of altitude in Figure 6.1lc.

L_Yr}e
The collision is 1nelastlc if N 7 ™ and
C 2 e '
~elastilc it >\ ~ wﬁaw N me is the electronic mass and
M is the mass of the neutral particle in collision. Here
2m 2 x 9.1 x 10 28 -5
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From Ficuare 6.1c, it can be seen that the >\ values are

higher
lavyer,

region.

than 10”° in the region around the main electrojet

indicating that the collisions are inelastic in this

Conclugionss:

l.

The measured electron temperature increases throughout
the E-region and is considerably higher than the

CIRA 1965 model neutral gas temperature.

The measured excess of electron temperature over the
model neutral temperature, shows a pronounced peak
corresponding to the main electrojet layer indicating

the joule heating effect due to the electrojet.

The measured electrojet strength can account for only

cne third of the observed Te-Tg.

The collisions between electrons and neutrals are

inelastic in the electrojet region around 106 km.



CHAPTER 17 ELECTRIC FIELD FLUCTUATIONS

IN THE ELECTROJET

Introductions

Irregularities are generated in the ionosphere, due to
a variety of plasma instabilities arising from different
‘plasma cbnditions and the configurations of magnetic‘and
electric fields. Some of the manifestations of these irre-
.gularities'are, the equatorial sporadic E (Es-q), spread F,
scintillation of radio stars and HF aﬁd,VHF radio wave

scattering.

A relation between the electrojet intensity and tﬁe
Es-q was pointed out by Matsushita (1951). Cohen et. ak.,
(1962) have shown that the irregularities that produce Es-g
are embedded in the electrojet. Cohen and Bowles (1963)
detected the presence of irregularities in the height range
95 +to 110 km, using a VHF forward scatter radar, Using a
VHF radar at Jicamarca, the nature and characteristics of
these irregularities,héve been studied extensively and the
results have been summarised by Cohen (1967). On the basis
of the observed spectra of the echoes, Balsley (1969) classi-

fied the irregularities into type I and type II. The electron
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density fluctuations associated with these irregularities
have been investigated using rocket-borne Langmuir probes
from Thumba and the results from these investigations have

been summarised in a review by Prakash et. al., (1973).

Type I irregularities and the two-stream instability:

Farley (1963) and Buneman (1963) independently proposed
that when there is a relative motion betweéh electrons and ions
in an ionised medium, tﬁe two stream instability is generated
due to the s treaming of electrons past the ions. For a
magnetoactive, weakly ionized plasma, such as in the iono—
spheric E region, the two stream instability comes into play
when the electron drift velocity. reaches a critical velocity,

the ion acoustic velocity in the medium.

The ground based radar studies have brought out the
following E region drregularity characteristics; that the'
doppler shift due to the motién of the irregularities has a
narrow spectrum; the doppler shift corresponds to a velocity
close to the ion-acoustic velocity and that the doppler
shift does not vary considerably with the angle of obser-
vation. lThése observations show that the type I irregulari-
ties are generated by the two-stream instability. Though

. the Farley-Buneman theory can account for some of the observed

features of ionospheric irregularities and their motion, all
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the features are not explained by this linear thebry.
Waldteufel (1965) and Kato and Hirata (1967) treated this
~problem using equations of fluid dynamics. It is found that
thelr results are identical to those of Farley and Buneman.
Skadgron and Weinstock (1969) used a non-linear approach and
discuésed about the stabilisation of the instability by wave-
wave coupling. However, . this non-linear theory could not
explain the observed velocity of type I irregularities being
nearly equal to the ion—écéustic velocity irrespective of
\the electron drift velocity (as evaluated from the electrojet
strength) being exceedingly high, even exceeding the ion-
acoustic velocity in the medium. Rogilster (1971) used the
non-linear theory and showed that. with the development of
the instability, the large vertical Hall field decreases

and hence, With it the drift velocity also decreases. - sato
(1972) made a géneral approach to this problem and showed
that the peak electron drift velocity will be reduced due to
the stabilisation of the two stream instability. A&ll these
workers in common agree to the fact that the two stream
inStability or the type I irregularity is generated when

the electron drift velocity reaches the threshold which

. is the ion-acoustic velocity.

The experimental confirmation for the existence of

the threshold, for the g eneration of type I irregularities
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was obtained from rocket expetimentsj«conducted from Thumba.
The electrojet current density, the electron density and its
fluctﬁations were measured simultaneously on two occasions.
dn one occasion, the electron drift velocity, derived from

the electrojet current density and the electron density,
reached the threshold whereas in the second Qccasion the |
threshold was not reached . The fluctuations-in'the electron
density cbrresponding to the type 1 irregularities were dete-
cted in the first case and were not detected in thessecond case.
The results from these studies have been presented by prakash
et. al., (1975). The rocket measurements of electron density
£luctuations show that these irregularities have vertical
scale sizes of 1 toO 15 meters. The £luctuations show a flat .
spectrum with spectral index nearly zero, and an amplitude of

a few per cent ( 2 to 3%) of the ambient clectron density.

Type IX irregularities and Cross field instabilitys

The cross f£ield instability is generated in @ weakly
ionised plasma when-there are crossed electric and magnetic
fields in the medium and at the same timevﬁhe.electron density
gradient is parallel to the electric field in the mediam.

The relevance of the cross field instability to the generation
of irregularities in the iohosphere has been discussed by

Maeda et. al., (1963), Whitehead (1967), Reid (1968),
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Rogister and D'Angelo (1970) and Kato (1973). It is now

agreed that the type II irregularities are generated due to

the cross field instability in the medium,

The ground based back scatter radar studies indicate
that the type II irregularities have a broad spectrum and have
a variable doppler shift, the doppler shift varies as Cos X

where X. 1s the angle of observation.

After the initial theoretical work on the cross—field
instability by workers mentioned above, Sato (1968) showed
£hat type II echoes can be explained by non-linear cross-field
instability. Analytical approaches to the non-linearity
of the instability have been attempted by Sato (1971) and
Rogister (1972). Sato (1973) has discussed a unified theory

of type I and type II irregularities.

The rocket-borne Langmuir probes have detected the
type I1 irregularities. Their vertical scale silzes vary from
30-300 meters, and they havc varying amplitudes, from a few
per cent to about 30% of the ambient electron density.
puring the day time, the type II irregularities of very
large amplitudes, more than 20% of the ambient have been
detected around 85 km altitude. In the height range of 85 to

105 km there is an upward gradient in the electron density.
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During the day time, when there is an ecastward electrojet,
the polarisation field E, is upwards and hence the cross
field instability generated irregularities are seen in

this height range of 85 to 105 km.

Electric flcld fluctuations associated with plasma
instabilities in the magnetospherc and the auroral ionosphere,
have been studied using satellite and rocket borne instru-
ments. Mozer (1973) has summarised fhe results from these
experiments. The study of electric field fluctuatioﬁs is
gencrally carried out by measuring the frequency depepdence
of power in all the three components of the electric field
and the dispersion characteristics of the wave in the medium.
There have been no investigations so far concerning the
electric field fluctuations, (or to be more precise, the
quasi static electric field fluctuations) generated by
the tﬁo stream and the cross field instabilities in the
equatorial electrojet. In this chapter the £irst results
of the study of electric field fluctuations in the

quatorlal electro;et will be presented. The investigations
were carried out at Thumba using Cbntaure and Petral rockets.
The electric field f£luctuations, the ‘electrojet Lurrent
density and the clectron density were measured in near
simultaneous launchings, on two occas ions,. the first one

in October 1972 and the second in March 1973. These f£lights
wére conducted near local noon, when the electrojet strength

wae hiah.
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A third experiment which had a simple Langmuir double
probe detector was launched in February 1975, in the early

morning hours when the electrojet was not yet developed.

The results from the first two flights give the power
spectra and altitude of oOccurrence of the irregularities during
noon time when the electrojet is strong and the morning flight

of February 1975, gives the information concerning the altitude

variation of the intensity of horizontal AC electric field in

the E region, in different freguency bands when a weak or

negligible electrojet was present.

Noon time experiments:

Flight'details: The f£light details are given in the table 7.1

.__-—-———_.._.__._.—...—-_.._..-.._._.—_._——-—-——_—_—..._..._..._.._.._.-.-—.-.-..--»q.——-—-—.—.——ﬁ.-__.—._....._.......

Flight Time Apogee

No. Date 1sT Payload Rocket km.

05.17 13.10.72 1227 E-field _ Centaure 120

20.16 - -do~- 1259 Magnetometer (J) iNike Apache 160
Langmuir probe (Ng)

05.19 03.03.73 1135 E-Field Centaure 120

20.17 ~do~"- 1224 Magnetometer (J) %Nike Apache 160
Langmuir probe(Ng)

.__.-—_-—....-...-..._..—._._....—__.___......_.__._._...—....._—-..-..—.—.—.—....—-..—-._..——-_.-—_..._.....—_-—-—.-.-—.—.—.._-.-._....

TABLE 7.1. Details of the rocket experiments conducted £rom
Thumba, India, for the near simultaneous measurements of
electrojet current density (7), electron density (Ng) and

electric field, in October 1972 and March 1973.
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The centaure rockets carried multiple probes to measure
electric field components. The magnetometers used are of
the protoﬁ precession type. The Centaure rockets carried a
radar transponder to get complete trajectory infdrmation,
while the Nike Apaches were tracked by ther adar on the skin=-
track mode. The magnetograms of the Trivandrum observatory
for the launch dates October 13, 1972 and March 3, 1973 are
shown in figures 7.1 and 7.2 respectively. The launch times
are indicated in the figures. The ground A H from the mean

night level, at the time of launch of FL.20.16 was 85 nT

and of 20,17 was 88 nT.

Flight results:

a) Magnetic field and electron density data:

The magnetometer and the electron density probe of
flight 20,16 gave good data during both the ascent and the
descent. The current density derived from the magnetometer
and the electron density data'obtained from the Langmuir probe
of flight 20.16 are shown in Figure 7. 3a. The current
density profile shows a peak current density of 9.6 amp/km
at the center of the electrojet near 105 km. The electron
density shows an upward gradient in the altitude region
90 to 105 km. The eastward electrojet encountered by the

magnetometer indicates an upward Hall field. Direction of
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the Hall field and the electron density gradient are shown

in the Figure 7.3a.

The flight 20.17 detected a similar electrojet as that
encounteredlin the flight 20.16. The electrojet current
density and the electron dénsity profiles are shown together
in Figure 7.3b. Here also, it can be seen that both the Hall
field and the electron density gradient are upward in the

al titude region of 90 to 105 km.
b) BElectric¢ field data:

The electric field probes on both the flights 05.17

and 05.19 gave good data from the time of deployment (about

t + 60 seconds) till the end. The data from the flight 05.17
was a little noisy and was punctuated by a spurious noise at
intervals of about 2 seconds. The noise frequency was around
300 Hz. Except for this disturbance, the data recovered

in the flight was good throughout. The data from the £light
05.19 was particularly good being free from noise or inter-

ference throughout.

The frequency response of the electric field detector.
was kept from dc to 1 KHz so that the fluctuations in the
electric field upto a frequency of about 1 KHz can be detected.
This permitted the study of the power spectrum of the fluctua-

tions upto 1 KHz. Though the payload carried multiple probes,
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the results from the horizontal electric field probes which
give the fluctuations in the horizontal eastward electric

field are only discussed here.

A sample telemetry chart record of the raw data of the
horiiontal component of the electric field obtained from the
probes of flight 05.19 is shown in Figure 7.4, The data from
the flight 05.19 is preferred to that of 05.17 simply because
this data is clean and free from interference. In the Figure
1.4, sample‘data from both the ascent and the descent when
the fluctuations were present are shown. The low fréquency
wave seen in this figure'is due to the V.X B induced electric
field, due to the motion < the rocket with a velocity V,
through the earth's magnetic field B. This V X B effect
appears as a modulation with a freqhency equal to the spini
frequency of the rocket. When the probe system becomes
parallel to the magnetic field during a spin cycle, V X B
is zero and when the probe system is perpendicular to the
magnetic fi1d, V X B is maximum; The rockets are despun,
pefore deploying the E field probes, such that the spin
frequency is around 1 Hz. The higher fredqueicy modulations
seen on this low frequency wave, are due to the electric
Ffield fluctuations associated with the plasma instabilities.

From Figure 7.4, it can be seen that the high frequency
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fluctuations are seen predomiﬁantly only at and near the

peaks and troughs of the low frequency wave and not through-
out. It can be noted from this figure, that the electric
field fluctuations appear as modulations on the v X B induced 

electric field.

The raw, eleétrié field data of the horigontal component
of the electric field, is spectrum analysed on the ground
using a five channel spectrum analyser, which has.been
discussed in chapter 2. The spectrum énalyser ouﬁputs tqé
gether with the raw data are recorded on a paper bhaft using
a galvanometric recorder which has got a freguency response
upto a few KHz. The five channels of the spectrum analyser
are: Ch. 1 - 700+350 Hz, Ch.2 - 240t+120 Hz, Ch.3 - 8040 Hz,
Ch.4 - 26+13 Hz and Ch. 5 - 9+4 Hz. All the five channels
are made, using constant Q and unifofm gain band pass filters,
so that the observed amplitudes of fluctuations in the
different frequency bands are directly comparable. The
raw data from the flights 05.17 and 05.19 and the channel
outputs from the spectrum analyser are shown in Figures 7.5
to 7.8, Only the portions in the ascent a@nd the descent where

fluctuations were detected are shown in these figures.

The data from the ascent of the flight 05.17 between

the flight times 88 seconds to 115 seconds ig shown in
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Figure 7.5. The raw data channel, the one shown below the
Ch.5 output, shows the modulations stérting at 93 sewmnds
and continues till the end of the record upto 115 seconds.
Channel 5 which is the lowest freguency channel, 4 Hz to

13 Hz, shows large amplitude fluctuations from 93 to 101
seconds and thereafter patches of fluctuatidns are seen at
regular intervals. . Channel 4, 26113 Hz, shows the presence
of the fluctuations in the same time interval, much more
clearly. Channel 3, 80+40 Hgz, indicates the presence of
these fluctuations, but of lesser amplitude than channel 4.
Channels 1, 700+350 Hz, and 2, 240+120 Hz, do not show any
signif icant changes in the amplitudes of fluctuations in
this time interval compared to the portions before the time
93 seconds. The large amplitude fluctuations seen in
channel 2 at intervals of about 2 seconds are due to spurious
noise which appeared throughout the ascent and in some
portion of the descent. This fiéure,thus sﬁows that the
electric field fluctuation associated with the plasma
instakbilities were deteéted in the ascent portion between
93 and 115 seconés, corresponding to aﬁ altitude range of

‘87 to 103 km.

‘ Figure 7.6 shows the electric field fluctuat ions
recorded during the descent of the flight 05.17 between 232

“and 260 seconds. Hére, the data is noise free compared to
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the ascent portion in Figure 7,5,'and the spurious noise at

2.2 seconds interval ig also absent. In the Figure 7.6, it

can be seen that the channels 3, 4 and 5 have recorded electric
field fluctuations between 235 and 258 seconds, corresponding

to the altitude range of 104 to 88 km.

From Figures 7.5 and 7.6, it can be seen that electric
field fluctpations have been detected during the £light 05,17
betweer. 87 to 104 km during the ascent as well as the descent.
The fluctuations being seen in the same altitude fange in
the ascent as well as in the descent confirms that these
fluctuations are not spurious or rocket generated effects,
No other significant fluctuations were detected in any of the

channels at other portions of the f£light 05.17.

The interesting findings of the flight 05.17 are
confirmed by the results from the flight 05.19 of the second
series conducted in March 1973; In the flight 05.19, the
electric field fluctuations were detected between 92 and 108
seconds during the ascent and from 256 to 268 seconds in the

descent.

The raw data of the horizontal electric field £luctua-
tions and the channel outputs of the spectrum analyser for
portions of the ascent and the descent of the f£light 05,19

are shown in Figures 7.7 and 7.8. Since the payloads of



R
e

el

G
1

: % i £ ouy

? b B ed
I ¢ T "??:“ £y e
o i

) Jj

e

3 >3 ®
' E G ed
i o fa
: e}

N e T O

f "é{
i . AF
TR
deg ! 4 W
- [ &0
“rf 7

4

7,_
¥ v
D okt v el PO RIS RSES

i)
: A1
- by
4 £t Y l'é o
. %}}i et
1 Jf . _3, g}:‘ i—:
! 1 s ot e
B

5
f
i

S

"

B
P'P‘V‘

T ML TR e I WA S S

k el %
i ° #a ’_;‘ .-; &
5 i 5 -
; . (ﬁ“ T 1

i ' 4
1S 3 Y

[ s
B 0o#

. FR
{ L

[T
%

’ b
5 booasl g #
' # : T T N
' i e T A

A ¥ {;i}
iy P s [ b
! 4}{ ™ k ‘ﬂ

,_,._m
.
A

) b i T T s

£ T - =
& v‘éi

A
VoA
¥

O LGZ K

%

£ g8

pony
wud

e

oy
aore

S

&

Thudds X

bE

T
e

825'" 3 &b

s 2 hod

N

=

2
A

3

'

3 ‘{'.::x,-w;-'
o LS

=
£

-~

% 5
Fa X

i~

A



_ X xn ;ﬁm&s Buraep &ﬁﬂ@ﬁﬁw 13% 303 03 SNp BIr 'SPUCSSS 07 PUR L7 uUSSRRSg

*{ TRUTEyD JTGE-EO3I0N) BIVD MBI YT Ul SUOTIRINDOW 28wt BUL "B 98 03 gF I BLURZ

apnlIsTe s O3 DUTpTOdssIZoD TSpUODSE 97 DUR IGT peaRaIey g puR B ff STSUUBUS

HT UeRs wg ued ,,,ﬁﬁm.wm DTIIDSTS Ty IO Bousssad Sy TSPUCDSE ofr DUR £67 uERAeQ

*ETUSO *Td 3O JUSLESP Sy IO UHOT AW 253 usous sie JeSATTue unIjosds TSUTEWD
]

r:.zwm
@bﬁ% HYG JO MMﬁQM5@ @ﬁﬂ pue BATD M@MM UMMMUWMW.%ﬂJ?UHH e i) w@fﬂ SUL *QYE *H5IE

M

L
g
8 »

AvOLutﬂ.amai -ts_.. irq.K. B

rﬂ Wmm uww;mqm

e S i s —— v s e i R ST ) AGA ST AN S et i Gl VO WD CHOW Wi SR A R UM WE @R e S Sar mcls e ecs

TS WAH L



140

£light 05.17 and 05.19 were identical and since the data from
the two £lights have been analysed in the same manner, the
. results presented separately (in figures 7.5 to 7.8) for the

two flights, are comparable.

In Figure 7.7, the data recorded during the ascent of
05.19 between 88_and 115 seconds is shown. Channels 3, 4
and 5 indicate the presence of fluctuations in the time intervai
of 92.5 seconds and 109 seconds. The record during the interval
88 to 92.5 seconds and 109 to 115 seconds, do not show the
presénce of the fluctuations. The time interval of 92.5
vseconds to 109 seconds, during which fluctuations are seeh,

correspond to the altitude range of 88 to 102 km.

In Figure 7.8, the data recorded during the descent
of 05,19 between 253 seconds and 285 seconds is shown. In
this figure, channels 3, 4 and 5 show the presence of the
Fluctuations between 256 and 268 seconds, cbrrespopding to
an altitude range of 98 to 86 km, same as that region in the
ascent where the irregulérities are seen. The large modu-
lations in the raw data (bottom most channel in the figure)
between 273 and 280 seconds is due to the rocke£ tumbling

and must be ignored.

Tt is clear from the Figures 7.7 and 7.8 that the

electric field fluctuations are seen in the altitude region



141

of 86 to 102 km during both the ascent and the'descent,
without any ambiguity. No other fluctuations were detected

in this flight also, apart from those detected in this

“altit ude range.

Discussion of results:

The detection of elecﬁric field fluctuationsAduring
the noon time when the electrojet was strong, between the
altitudes 86 and 104 km Quring both ascent and the descent,
by two independent rocket experiments confirm that these
fluctuations are associated with the plasma instabilities
in this particular altitude region of the ilonosphere. "As
pointed out in section 7;2.23, the electron density gradient
and the Hall polarisation f£ield both arerparaiiel and point
upward in the altitude region of 90 to 105 km, This makeé
the altitude region 90 to 105 km particulariy suitable for
the generation of type II irregularities due to cross=field
instability.’ Hence, the electric field f£luctuations detected
in the flights 05,17 and 05.19 in the altitude region of
88 to 104 km may be safely attributed to the cross-~-field
instability. Further, from the Figure 7.4, it can be seen
that these fluctuations are detected along the east-west
direction (at the peaks and troughs of the spin modulated

V X B induced electric field). The fluctuations being
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seen in channels 3, 4 and 5 show ﬁhe frequency of'the £lu-
ctuations to be within the range of 5 Hz to 120 Hz, which
are the lower limit of channel 5 and the upper limit of
channel 3 respectively. & rough estimate of the peak to peak
amplitude of the fluctuations, made from the raw data shows
that the maximum peak to peak amplitude of the observed field

fluctuations is of the order of a millivolt/meter.

Tn the flight 05.19, the drift velocity of eiectrons
exceeded the threshold for the generation of type i irregu-
larities near the electrojet peak., But no fluctuations in
the electric fieldAdue.to the type I irregularities were
detected anywhere in thisvflight. The amplitude of £ field
fluctuations due to type I irregularities are expected to be
smaller than the ones due to type II irregularities, Hence
the non-detection of fluctuations attributable to type I
irregularities in the £light could be due to the low gain
of the electric field detector syéteﬁ-used in the experiment.
These results show that cross field generated fluctuations
in the horizontal component of the electric field were -
detected in the noon time flights in the altitude range of
86 to 104 km, No fluctuaﬁions associated with the type I
irreguiarities were detected, which could be due to the low
gain of the system. Hence, detection and study of two-stream
instability generated E‘field‘fluctuétions need further

investigation.



3.2

143

The early morning experiments:

Flight Details:

A petrel rocket (P.158) carrying an electric field
detector was launched frbm Thumba, on February 9, 1975 at
0559 hours IST. The ground A H was not significant at the
time of launch, which indicates the presénce of a weak or
negligible electrojet. The rocket reached an apogeg of about
140 km and was tracked by the radar on the skin-track mode,
The rocket also carried a Langmulir probe to measure the electron

density and its fluctuations.

Payload details and performances:

The electric field detector used in- this flight is
different frdm the ones used in the experiments described
earlier. In this morning f£light, a pair of Copper-BerYllium
booms were deployed, 3 meters on either side of the rocket
body. The first half portion of the booms of 1.5 meters on
both sides from the rocket-body is coated with nonmconducting
paint so that the other half of the booms of 1.5 meters
length from the tips act as the probes with aﬁ effective
separation diétance D of 4.5 meters. The payload was designed
to measure the electric field fluctuations from 10 Hz to

100 KHz. Since such a wide frequency range cannot be
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telemetered through any sub carrier channel, the data was

spectrum analysed on-board. The on-board spectrum analyser

" had 4 channels. These are: Ch.l, 10 Hz to 100 Hz, Ch.2,

100 Hz to 1 KHz, Ch.3, 1 KHz to 10 KHz, and Ch.4, 1O KHz to

100 KHz. The outputs of these four channels were fast sampled

by a commutator and telemetered to the ground. The channel
outputs represent the average level of the electric field
fluctuations within the pasé band of each channel. The raw
data‘of electric field fluctuations was not separately trans-

mitted to the ground.

The electric field probe gave good data from the time:
of deployment (about 98 km) upto the apogee. A few seconds
after the apogee, the electric field detector failed and no

useful datn was recovered thereafter.

The Results:

The variation of average level of AC electric field with
altitude in the freduency baﬁds 10 Hz to 100 Hz/ 100 Hz to
1 Kz and 1 KHz to 10 KHz are shown in Figure 7.9. The AC
field in the highest freguency band 10 KHz to 100 KHz did not
show recognisable change throughout the flight indicating that
the AC electric field in this frequency band was not presént
during this flight. The output of this charmel is not shown
in the figure. The electron density measured in this flight

Ld

is also shown in this Figure 7.9.
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FIGURE CAPTION

FIG. 7.9. The average levels of the AC electric field in
three spectral bands, 10 Hz to 100 Hz (Channel 1),
100 Hz to 1 KHz (Channel 2) and 1 KHz to 10 Kiz
(Channel 3), measured during the flight P158 are
éhown together with the electron density measure-
meﬁts made on the same flight. Large amplitude
AC electric field fluctuations in the frequency
band of 10 Hz to 100 Hz, were detectedrbetween
110 and 131 km. . The AC electric field in channel 1
and the electron density, show large changes in .
the same altitide interval, 110 to 120 km. The
large enhancement of AC electric field around
the apogee, seen in the high frequency channels

2 and 3, 1s due to the rocket induced effects.
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it is seen from Figure 7.9 that the largest fluctua-
tions in the AC electric field occur in the lowest frequency
band, 10 Hz-100 Hz and that the average level of the AC
electric field of different frequency bands do not vary in
the same way with the altitude. The level‘of the.Aclelectric
field of 10 Hg to 100 Hz band (Ch.l output), remains steady
and quiet between 100 km and 108 km, then it increases sharply
near 110 km and shows a broad maximum superposed by large
fluctuations between 110 and 131 km. Thereafter, the average
AC field level remains steady and quiet towafds the apogee.
Tt can be seen that both the low frequency (10 Hz-100 Hzj) AC
electric f£ield and £he electron dénéity measured on thé same
flight show large changes in the same altitude range 110 and

120 km,

The level of AC electric field of 100 Hz to 1 KHz band
(Ch.2 output) is also steady and quiet between 100 and 110 km,
then it increases gradually upto 129 km with observable
fluctuations, but without showing the broad maxima characte-
ristics of the low frequency channel output Ch.l. The AC
field is steady and gquiet between 133 and.139 km and just
beforekthe apogee, @ sudden increase in the field is observed
and the field remains significantly high on either side of

the apogee.,.



146

The AC field level in the frequency band 1 KHz -~ 10 KHz

steadily increases right from 100 km upto the apogee, with small

_fluctuations superposed on the average level. Just as in

Ch.2 output, here also there is a significant enhancement in

the AC field level around the apogee.

Discussion ©@Ff Results:

In the results pfesented in the figure 7.9, two
striking features can easily be observed. First, the AC
field in the lowest frequency baﬁd (10 Hz - 100 Hz) goes
through a broad maximum between 110 and 131 km, and shows
large changes in intensity in the same region where the
electron density also undergoes large changes. The maximum
around the apogee which is the characteristic feature of the
higher freguency channels 2 and 3 is not noticeable in the
profile of channel 1. The electron density measured on the
same flight and shown in Figure 7.9 (Gupta S.P. private
communication) shows regions of downward electron density
gradients in the altitude intervals 108-113 km, 115-116 km‘and
117-120 km. Gupta ét. al., have detected significant electron
density fluctuationg at the above mentioned regions of downward
electron density gradients. They have ascribed the observed
electron density fluctuations to the presence of cross field

instability in these regions. It can be seen from the f igure
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that the AC electric field intensity also increases in the
regions of downward electron density gradients where cross
field instability has been observed. This indicates that
the observed low frequency E field fluctuations can bevdue

to the cross field instability in this region. HerVer, some
of the increases observed in channel 1 output are not always
well correlated with the downward electron density gradient.
Hence, it is necessary to confirm the above findings by

further experiments.

The second prominently observable feature. in Figure 7.9
is the enhancement of AC electric field level around the apogee
in the higher fregquency channels Ch.2 and Ch,3. Alpert et.
al., (1963) have shown that a vehicle moving in an ionised
medium can produce longitudinal ion oscillations in its wake,
when the velogity of the vehicle becomes éubsonic. The
velocity of the rocket becomes subsonic near the apogee and
also near the apogee the rocket moves hor izontally and one
of the probes will be within the wake for the good part of a
spin cycle. Therefore, the electric field probe can detect
the AC electric field in the wake due to rocket motion in
the apogee region. There is some evidénce to show that the
AC electric field detected in the apogee region must be
due to longitudinal ion oscillations in the wake. Gurevich

and Pitayevsky (1965) have estimated the frequency of ion
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oscillations in the rocket wake to be in the range of 0.1 to

1 times the ion plasma frequency in the region. At the time

of the £f£light; the electron density near the apogee altitude

140 km, was 5 x 103 electrons/cmB. Assuming the ion density

is equal to the observed electron density, the ion plasma
fregquency works ouL to be about 1 KHz. 1 KHz is near the

upper band edge of Ch.2 and also near the lower band edge of
channel 3. ﬁence; both channel 2 and channel 3 show the
enhancement of AC field afound the apogee with equal prominence.
Hence, the observed AC field enhancement near tﬁe apogee could

be due to the longitudinal ion oscillations in the Rocket

wake.

Conclusionsz

1. The two rocket-borne electric field experimepts con-
'ductéd near local noon from Thumba detected for tﬁe
first time, fluctuations in the horizontal component
of electric field, associaﬁed with the plasma insta-
bilities within tﬁe electrojet. These ?lectric field
fluctuations were seen between’BS and 105 km altitudes
during both the»ascentzand the descent in two inde-

pendent rocket experiments.
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The observed electric field fluctuatidns are due to
the cross field instability, generated in the altitude
region of 85 to 105 km, where the electron density
gradient and the vertical Hall field are pa:allel

and upward.

The freguency of the observed fluctuations lie in the
range‘of 5 Hz to 120 Hz and are seen in the east-west
direction only. No significanﬁ fluctuations in E
field were seen in the magnetic north-south direction
along the field line. A rough estimate shows that

the péak to peak amplitude of the observed oscilla-

tions to be about one millivolt/meter.

No AC electric field attributable to type I irregula-
rities were detected.in the experiments; This could
be due to the low gain of the E field detector system

used in the experiment.

In the early morning experiment, AC electric field
fluctuations associated with the cross field instability
were seen in low freguency band 10 Hz - 100 Hz in

the altitude range 115-~130 km, especially in the

regions of downward electron density gradient.
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Rocket generated electric fiéld fluctuations were
detected around the apogee, the frequency of AC

field being 1 KHz. The detected electric field could
be due to the longitudinal ion oscillations in the

Wake .



CHAETER . 8 o CONCLUSIONS

The study of the-equatorial electrojet by simultaneous
rocket-borne and ground based meagurements of magnétic field
has shown that the‘strength of the electrojet varies in
accordance with the ground mégneﬁic field variation, during
the course of a magnetically gquiet day, Parameters of the
électrojet such as the thickness of,ﬁhe Curren£ layer, altitude
of the current density maximum and the distribution of curreht
density in the jet do not change significantly during a quiet
day. No significant current. flows - in either direction -
during the night of magnetically quiet days. These results
are conformatory to the results of preliminaryvstudies of EEJ

over Thumba presented by earlier workers from time to time.

I+ is significant that the rocket measured current
density, peaks at a distinctly higher altitude, higher by

about 6 km;, compared to the altitude of cowling conductivity

,((T3) maximum, calculated by using model values of iono-

spﬁeric parameters. Similar qiscrepancy is seen in the
resuits of measurements of Méynard, Davis et. al., and
Shuman, conducted from USNS Croatan iﬁ the Peruvian region,
which are summarised by Richmond (1973). Extensive data

spread over several years, available from Thumbq/trajectory
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determination done to a fairly good degree of accﬁracyuby
different investigators on board USNs croatan as well as at
Thumba show that this discrepancy is reai and cannot be
explained away by tféjectory errors. The reason fOr'the
obs erved discrepancy must be sought in the 1naccurac1es of

vertical distributions of ionospheric parameters used in the

EEJ models.

he study of the day-to-day variability of electrojet
parameters has shown that large déy—to-day changes in the
amplitude of H variation obéerved oh quiet days are due to
changes in the strenﬁth of the electrojet itself. Magneto-
spheric contribution to the-daywto-day‘variability of the
strength of the electrojet appears to be negligible. - Obs erved
gay-to-day changes in the width, thickness, Altitude of the
current layer and the extent of the region in which the current
flows are too small to account for the large day-to=-day changes
in 4 variation amplitude in the pEJ region. These parameters
appear to be int imately bound to the configuration of
geomagnetic field lines_over the dip egquator, which hardly
changes from one day to another on quiet daySe. The study
leads us to the changes in the velocity of the winds that
control the electric fields in the region of the electfojet
as the major source of day-~to-day variability of the

strength of the electrojet and consequently the H variation
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amplitiude. It also gives us aAclue to the nature of these
winds and electric fields. The study shows that any wind
system proposed to explain the day—to—day“variability of
geomégnetic‘field in the EEJ region must be such that, it
brings about large day-to-day changes in the electrojet
strength only but do not produce appreciable changes in the
geometric parameters of}the equatorial electrojet. Also
one can expect that the E fields respgnsible for the day-
to-day variability, to exhibit large day-to-day changes

in intensity but not. significantly in its vertical distri-
bution., However, to check whether winds and electric field
alone are responsible for large day-to~day variability of H. !
amplitude, it is very necessary to measure, the current

density, electron density, DC electric field and day time

neutral wind velocities simultaneously in the EEJ region-

on normal, low and high jet days. |

The results from the study of the diurnal and day-
to-day variability of the EEJ leads us to the possibility
of predicting the vertical profile of current aensity in
the jet,on quiet days, given the magnetogram from a station
under the jet. The vertical profile of current density
can be predicted with confidence for morning, noon and
afternoon hours, for #says when Jmax does not exceed 14 amp/km2

or for A H 4135 nT., For dawn and dusk periods, which are
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dominated by large electron density:gradients, and rapid
changes in electron density, and for days of abnormally
strong electrojets with A H>140 nT the prediction proposed
here, may not be valid. On such days and for dawn and dusk
periods, the vertical distribution of current densityvmust

be obtained by actual in-gsitu measurements.

The restriction on the valid prediction of the
vertical profilé of current density on high jet days arises
mainly from the possible modif ication of current density
- profile due to stabilisation of two stream instability in
the EEJ as predicted by Rogister and 3ato. The current
densityvprofiles obtained on high jet days during our
experimeﬁts, however do not show either any significant
reduction in peék éurrent dens iy or signs of redistribution
of current density in the jet upto JmaX = 14 amp/km2 and
/AH 4 140 nT., whether the effects of stabilisation of two
stream instability comes into effect on high jet days with
AH 140 nT is open for investigation. This is an important
result in view of the fact that efforts are being made to
explain the so called 'effect of stabilisation' by including
them in wider EEJ models (for instance Richmond 19735, when
no such effects are evidént in the‘experimental results

obtained so far.
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The study of the magnetic data from the ground
stutlons and in-situ measurements further show that a simple

uniform current band electrojet model that takes into account

the earth induced currents can explain the observed ground

magnetic variation in terms of rocket measured electrojet
strength, The magnetic field values calculated from a simple

EET model agree with the observed field at the ground, within

4 5 nT, This study and the study of results froin other

investigations, in particular, the results‘ffom POGO and the
Indian Ocean Survey indicate that the depth of the conducting
layer cannot be less than 250 km in the Indian zone around

Thumba, Based on this value of d, the ratio H(lnt) to H{ext)

for the Indian zone is 0.4.

The unique magnetometer'experiment launched during
the maximum depression of a storm»main phase showed that the
electrojet remained unaffected during the main phase; There
were indications in the flight results, of the effects of an
eastward eleotrojet current flow whose magnetic effect at
the ground is about 10 nT. Analysis of data from the ground
stations showed that such a jet at the time of the flight
would be normally expected on gquiet days, when no storm
is present. The net effect of the storm depression and the

normal eastward electrojet was such that it produced a
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systematic decrease in the depressidn of the magnetic field

at the ground as the center of the electrojet is approached

from higher latitudes. Looking at this result in another

way, it shows that the storm depression observed at the
ground stations under the jet would have been larger and
more uniform if the normal electrojet was absent at t he time

of the rocket launch.

A preliminary experiment to measure the increase in
electron temperature due to the flow of electrojet currents
in'thé E region, has shown that it is possible to detéct the
joule heating effec£ of electrons by the currents of EEJ,
using a clean Langmuir probe. Simultaneous measﬁrement of
electrojet current density and electron temperature in this
experiment, at a time when the jet was strong (AH=120 nT),
showed that the measured electrojet strength can account
fér only one third of the observed joule heating effect.
T+ is known that electron temperatures measured by probe
method are always higher than values obtained from back
scatter methods. If this is true for the E region Tg
measurements also, then the above discrepancy between
the observed‘ana calculated joule heating effect will be
reduced. Whether further improving the technigque of

measurement of Tg will bring the two values nearer is open
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fér investigation Also, the obsefved excess temperature
(Te-Tg), that finally represents the joule heating effect

is evaluated using CIRA model neutral gas temperature values.
At present no experimentally determined Tg values over the
equator are available. Future experiments must meésﬁre J,
Te and.Tg simultaneously, when the EEJ is strong to see

whether the observed discrepancy can be explained.

Two series of rocket experiments - one in October 1972
and another in April 1973 - were conducted to detect_AC
electric field (or electric field fluctuations) associated
with the plasma instabilities in the eguatorial eleétrojet.
Both experiments detected electric field fluctuations in the
region between 85 and 105 km altitude. Near simultaneous
measurements of J, Ng and AC electric fields during the
above series of experiments showed that the observed'E field
fluctuations are due to cross field instability, generated
in the region between 85 and 105 km, where the electron
density gradient and the Hall field ére parallel and

directed upward. These fluctuations were seen in the

east-west direction only. No significant AC fields were

seen in the magnetic north-south direction along the field

line. A spectral analysis of observed electric field

fluctuation showed that the frequency of the AC electric
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field assoclated with the crossfield instability, detected o
during the experiments, lie in the range 5 Hz and 120 Hz.
A rough estimate shcwed that the peak-to-peak amplitude of

the detected fluctuations to be one mllllvolt/meter.

A third experiment was carried out in February 1975
fo study the nature of instabilities that may be present
during the early morning hours, and the AC field associated -
withvthese instabilities. Presence of cross field instability
and AC electric field in the low frequenéy bénd 10 -‘Hz=100 Hz
associated with this instability were detected, especially
in the regions of downward eléctron density gradient in the
altitude range 115-130 km. Rocket generated electric field
fluctuations of frequency around 1 KHz, probably due to
longitudinal ioh oscillations in the wake, were detected

near the apogee.

The study of the équatorial electrojet presented
here, has confirmed some of the earlier findings of the diurﬁa]
and day-to-day variability of equatorial electrojet. The
extensive data available from in-situ measureﬁents from a
single station, Thumba, has cnabled a systematic study
of the behaviour of the EEJ, the variability of its para-
meters and the relationship of these variabilities with the

changes of magnetic field at the ground. consequently, it
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has now become possible to-accept the earlier evaluatilons

of the paramcters of the electrojet and the deductions
concerning the behaviour of the electrojet with much more
confidence. As a result, it now appears possible tc
predict the vertical distribution of current density in the
equatorial electrojet on quiet days, using the information
from ground magnetogram alone,'witbout recourse to.an actual

rocket launch.

The study also has brought in new resnlts, concerning
the effect of storm main phase on EEJ current flow, the
joule heating of electrons due to flow of currents in thc EEJ
and the effect of stabilisation of two stream 1nstab111ty

in the EEJ on abnormally high jet days.

For the first time, eéelectric field fluctuations
associated with the plasma instabilities in the electro jet
region were detected in three separate experiments. It
was possible in these experiments to successfully identify
the electric field fluctuations associated with cross-
field instability as against rocket generated instabili-
ties and analyse the spectral distribution of ACc field
generated by these instabilities. Future experiments |

at Thumba are planned to explore the EEJ instability
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and ascociated electric field fluctuations with simulta-
neous measurements of magnetic field and electron density
Ffluctuations under different magnetic and ionospheric
conditions. This will enable the understanding Qf the
nature, generation, maintenance and propagation of plasma

instabilities associated with the equatorial electrojet.
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JOULE HEATING DUE TO THE EQUATORIAL ELECTROJET
AS OBSERVED BY ROCKETBORNE PROBES

S. Sanmearms, T. 8. G. Sastrye, K. Ovama® and K. HIrA0P

a Physical Research Laboratory, Ahmedabad, India
b Institute of Space and Aeronautical Science, University of Tokyo, Tokyo, Japan

A Nike-Apache rocket carrying a proton precession magnetometer and an electron tem-
perature probe was launched on a magnetically quiet day, near noon, from Thumba, India.
The purpose of the experiment was to study Joule heating in the T region of the ionosphere,
due to the equatorial electrojet current. The current density (J) profile derived from the
magnetometer data, the electron temperature (T,) profile obtained from the electron tem.-
perature probe and the neutral temperature (T) profile from the CIRA model are used to
study the Joule heating effect. The excess of electron temperature over that of the neutrals
T, — T', which is a consequence of Joule heating, correlates well with the current density J.
To relate J and T, — T'y quantitatively the Cowling conductivity (a,) profile and the calculated
profile of mean fractional energy loss per collision (4) of electrons with the neutrals are used.
The energy needed to give the observed increase in temperature, Ty — Ty, has also been
caleulated theoretically and compared with the energy delivered by the electrojet.

1. Introduction

The electron temperature distribution under equilibrium conditions is deter-
mined by the rate of heat input to the ambient electron gas and the rate of
energy loss by various loss processes. A general heating is produced by the absorp-
tion of solar radiation. Much of the absorbed energy appears as kinetic energy of
photoelectrons. The energetic photoelectrons lose their energy to the ambient
electrons, ions and neuatrals. It is assumed that the ambient electrons suffer
frequent elastic collisions among themselves and attain a Maxwellian distribution,
characterized by the electron temperature 7. The ions and neutrals, except in
the upper F region, attain equilibrium amongst themselves and are considered
to have a common temperature 7,. The electron gas cools by collisions with
neutrals and ions. The heat loss to positive ions is important only above 200 km,
while below this height the heat loss to neutrals is more important.

Theoretical electron temperature profiles based on the above mentioned as-
sumptions have been derived by various workers [1—4]. Tt is found that the elec-
tron temperature increases with height throughout the ionosphere. 7', is equal
to 7' below 150 km, above which 7', exceeds Ty The difference 7', — 1’y increases
above 150 km and reaches a maximum near 250 km. According to these findings
there is no thermal non-equilibrium below 150 km. These conclusions ave based
upon the assumption that radiation from the sun is the only source of heat energy
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and that local heating effects such as Joule heating are negligible. However, for
calculating the temperature distribution in the equatorial and auroral ionospheres,
dJoule heating effects have to be taken into account.

Joule heating in the equatorial I region due to the electrojet has been studied
theoretically by Kato [5]. Joule heating affects the thermal equilibrium, by
raising 7', above 7'y in a way similar to the heating produced by the absorption
of solar radiation. In the present discussion, the energy produced by Joule heating
is related to the observed increase in 7', over 7', under the assumption that the
energy loss of electrons by collisions with neutrals is the only loss process.

2. Flight Data

A Nike-Apache rocket carrying a proton precession magnetometer, an electron
temperature probe, a capacitance probe and a gyro-plasma probe, was launched
on a magnetically quiet day, 25 April 1971 (Kp = 2) at noon from Thumba, near
the magnetic dip equator. The proton magnetometer and the electron temperature
probe gave satisfactory measurements during the ascent up to 160 km. The electron
temperature probe used in this experiment is the same as that deseribed in [6].

3. Flight Results

The proton magnetometer measured a difference field] AH of 4110 y as it
traversed the electrojet. The vertical distribution of electric current density is
derived from the slope of the difference field by the usual method [7]. The electron
temperatures measured by the temperature probe and the gas temperature given
by the CIRA 1965 model have been used to derive the temperature difference
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Ty — T,. Since the electron density measurements from the same flight were not
available, vertical profile of electron density obtained by a rocketborne probe
~launched from the same range under similar magnetic conditions, near local noon,
has been used here [8]. The Cowling conductivity (o3) profile is calculated, taking
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Tig. 2. The current density J derived from the magnetometer data and the difference tem-
perature T\, — T, plotted as functions of altitude.

the o, and o, profiles of Maeda and Matsumoto [9]. The vertical profile of the
clectron temperatures obtained from the measurements is shown in Fig. 1,
together with the CIRA 1965 model gas temperature profile. The current density J
derived from the magnetometer is shown in Fig. 2.

4, Caleulations

The power generated by the electrojet is calculated and correlated with the
observed difference 7', — T,. It is assumed that this difference 7'y — T, is due
to the electrojet currents only. The power @ generated by Joule heating can be
written as

Q@ = J¥/os. (1)

The heat input by the electrojet @ is obtained as a function of altitude, and is
shown in Fig. 3.

If we consider that the loss of energy due to collisions alone is important, under
equilibrium conditions, the balance between the heat input by Joule heating and
power dissipation by collision with neutral particles is soon established. Following
Kato [5] the energy input can be written

3
Q = - knerd(Te — Ty) 2)

where & is Boltzmann’s constant, n, is the electron density, », is the collision
frequency of electrons with neutrals and A is the mean fractional energy loss per
collision. From (1) and (2)

2 J? 1

) oy kngy (Te — Ty’ @)
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By putting in the known values of J, oy, Te — Ty e and »,, the parameter 2 is
caloulated as function of altitude. This profile is shown in Tig. 3.

Tn order to obtain an estimate of Joule heating, the heat input needed to give
the observed increase in temperature is calculated. Following Dalgarno et al. [2],
if @y is the energy transferred to the electron gas in unit time, at equilibrinm,

3 dT, aT., dT, dr,
L xS (). (), + oo

where dTJdt is the rate of temperature change by the electrons in colligion with
the neutrals, the neutral species being denoted by subscripts. In the present case
the last term, which denotes the loss due to collisions with positive ions, is neg-
ected. The expressions adopted for these calculations are

(‘m) 10 n(O)T (T, — T )
dat /o
ar,\ | ) G
( - )Nﬂ =6 10-167', + (m)mt}n(mz) (T, — T) 6)
(‘ZT*’) 47 X 10-19(0,) T (T — T4)- (7)
dt /o,

n is number of particles cx=®, T in °K and d7'/df in deg s~ i

To evaluate Eqgs. (5), (6) and (7), the number densities n(0), n(Ng) and 7{0y)
are taken from the CIRA 1965 model. The rotational loss parameter (Ga’z/n(Nz))
in Eq. (6) is caloulated according to Dalgarno and Moffett [10]. The energy @r
noeded to maintain the observed temperature difference is then calculated, and
is shown in Fig. 3.

b. Discussion

Tt is evident from Tig. 1 that the meastred electron temperatures (7) are more
than the CIRA model neutral gas temperatures throughout the T region. In
Fig. 2, the T', — T'y and the current density, J, profiles are shown for comparison.

MEAN FRACTIONAL ENERGY LOSS/COLLISION X 10
2 468 10 12 1416 18 20 22 24 26 28 30 32 34

200 ASCENT
25. ABR.1071

10 20 30 403 50 60 70 a0 90
Qy % IOBERG/CCISEC
Qg % [07ERG/CC/SEC
Tig. 3. Experimentally obtained values of @ the power generated by the electrojet, theoretical
estimates of @p the power needed to maintain the observed temperature difference 'y — Ty
and the mean fractional energy loss 4 per collision of electrons with neutrals plotted as func-
tions of altitude.
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Tt is seen that there is good correspondence between 7', — 7'y and J throughout
the main electrojet layer around 106 km. The 7, — T, profile shows a rather
broad maximum compaved with the current density maximum, implying that
the heating is not localized, but extends slightly above the electrojet layer.

The A values shown in Fig. 3, are slightly higher than those used by Kato [5].
The caleulated 2 values show that 2 > 2m[M, where m, is the electronic mass
(9.1 x 10-28 g) and M is the mass of the heavy particle in collision (5 X 10-%8 g).
This implies that the collisions are inelastic in the region considered. A

The vertical profile of 1 shows a large peak between 120 and 130 km. Part of
this increase in A is due to the small increase in current J in this altitude range.
"This increase in J is due to a second cwrent layer often seen in equatorial J
measurements [12]. The broad peak in T, — T, avound 110 km may partly be
due to the effect of this second currvent layer. Tven after removing the effects of
this possible second current layer, 2 shows a peak around 125 km. The magnitude
of this peak depends largely on the rate of fall of electrojet current with altitude
above the peak of the electrojet at 107 km. Examining Eq. (3), » falls rapidly
with altitude and [kneve(Te — Tg))™ has large values beyond 115 km. Since
J2[, has significant values botween 115 and 130 kem, 2 shows large values in this
region. This means that the electrons in this region attain large energies between
collisions. Therefore, one can expect the energy transfer per collision of electrons
with neutrals to be large in this region.

The @ profile shows a slight deviation from its normal trend at 106 km. The
Qg value at 106 km is nearly one third of the @r value at the same altitude. This
implies that the measured strength of the electrojet current J can account for
only one third of the observed difference in temperature 7', — 7. The difference
between Qp and @ decreases above 106 km.

The discrepancy between the theory and the experiment can be attributed to
the following factors: (i) The experimentally measured electron temperatures
could be slightly higher than the actual temperatures in the region. () The
CIRA model gas temperatures T'g used in the calculation may not represent the
actual as temperatures in this region. The measurements by Knudsen and
Sharp [11] at mid-latitudes suggests that 7 =~ T, and that the measured 7'y
values agree with the model gas temperatures up to 120 km. However, there are no
direct gas temperature measurements over the equator. (iii) The dependence of »,
on T, can increase the v, values used here by a factor (1| T)!? which is of the
order 1.6 around 106 km. This increase in 7, will reduce the 2 values by a factor
0.6 near 106 km. The new 2 value thus obtained for the region around 106 km
agree with the 2 value used by Kato [5] for a difference in temperature of
440 °K.

6. Conclusions

1. The pronounced peak of T, — T, avound 106 km is due to the Joule heating
offect of the electrojet. 2. The electron temperatures measured are higher than
the CIRA model gas temperatures all over the E region. 3. The observed elcetrojet
strength J can account for only one third of the observed temperature difference
T, — T, 4. The 1 values obtained show that in the region of the electrojet the
collisions between electrons and neutrals are inelastic.

To obtain a good understanding of the phenomenon of Joule heating it is

18%



258 S. Samrars, T. S, G. SasTrY et al.

necessary to measure 7', T,, J and n, in gimultaneous or near simultaneous
flights. It is also necessary to confirm the above findings by further experiments
over the equator.
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A digital pressure gauge that can measure

indigenously available materials and components. The performance of these gauges was

pressures from | atm down to 0'5 mm Hg was dcvclt)’bed using

tested by flying them

on Russian M-100 rockets and comparing their performance with the performance of conventional meteoro-
logical pressure gauges used in standard meteorological payloads. Details of instrumentation and results of test

flights have been presented.

1. Introduction

THE DIGITAL pressure gauge consists of an
ionization chamber containing a radioactive source.
The output of the chamber is connected to an electro-
meter which, in turn, is coupled to a blocking oscilla-
tor. The output of the oscillatoris a series of pulses.
At low pressures the number. of molecules of air
ionized in the chamber by the « emissions from the
source is small resulting in a small’ electrometer
current and a small pulse rate. At higher pressures,
the pulse rate increases as larger current is detected
by the electometer tube. Low pressure gauges devised
on this- principle for laboratory purposes have been
described by Downing and Mellen?, Sibley and
Roehrig?; etc. The gauge described -here is of the

. type devised by Vanderschmidt3 and .Cambou ef al..

2. Instrumentation }

Gauges with different configurations were designed
to measure atmospheric’ pressure up to 50 km
altitude, by balloons as well as small and medium
sized rockets. Fig. 1 shows some of these instruments.
Gauges [ (a) and 1(b) use jonization chambers of
conical shape cut out of rectangular blocks of brass.
The conical chambers are similar in configuration to
the chamber described by Cambou et al. ~ Four
elliptical windows cut in the cone ensures quick
equalization of pressure inside the chamber and the
environment whose pressure is to be measured. The
collector electrode is a tungsten wire of 0'5 mm in
diameter. It runs centrally inside the chamber and is
held in position at the broad end of the cone by a
brass disc sandwitched between a pair of teflon rings.
These teflon rings insulate the central electrode from

the body of the chamber. The radioactive source.

used is polonium 210 of strength 50 p curie or
americium 241 of strength of 30 p curie. The radio-

‘active material is electrochemically deposited on a

silver coin of 15*5 mm diameter and 3 mm thickness.
60 '

The coin bearing.the radioactive material is enclosed
in a brass cap and screwed on to the narrow end of
the chamber. All brass parts are polished and silver
plated. The dimensions of the chamber and the
windows and the angle of the cone are optimized to

- obtain the desired linearity between the collector

current and the ambient pressure. ‘

The gauge shown at 1 (c) is made out of a rectan-
gular aluminium block. A circular hole of 1 cm dia-
meter cut at the centre of the block along its length
forms the chamber.
radioactive source is fitted at one end of the chamber
and the tungsten wire electrode is introduced axially
from the opposite end. The tungsten wire electrode is
held in position with teflon discs as in the - conical
chamber. A 1 cm diameter window {s cut on one side
of the block to ventilate .the chamber- to outside air.
This chamber is easy to mount and is more compact
compared to the conical chamber.

The electonic circuits used are shown in Fig. 2.
The circuit 2 (a) uses an electrometer tube amplifier
coupled to a blocking oscillator. It is similar to the
one used by Vanderschmidt, except for a few changes
to make the output compatible with the telemetry
requirements. .

A more versatile circuit was developed which is
shown in Fig. 2 (b). The potential at the grid of the
electrometer tube at any instant is a ‘function’ of the

* chamber capacitance and -the charge on the central

If the chamber capacitance and stray
capacitance at the input of the electrometer tube
remains constant, the potential at ‘the grid of the
electrometer tube rises as the charge accumulates on
the chamber collector electrode. This potential is
amplified by the electrometer tube and is fed to a
comparator P which is connected in feedback loop
with the transistor Qi to form a momo. When the
probe potential at the input of the EM tube increases
above a certain limiting value due -to charge

electrode.

/

The silver coin bearing the

’
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Fig. 1—The digigal pressure gﬁuges e ;

accumulation at the grid, the mono generdtes a
positive going pulse which is fed to the chamber
‘through capacitor C. This pulse reaches the grid of the
EM tube via the chamber capacitance ‘and drives it
to conduction, -thus discharging the charge accumu-
lated on the collector electrode of the chamber. At
the end of the pulse from the mono, the central
electrode is ready to collect the charges due to ioniza-
tion in the chamber again and the process repeats.

\

The charging rate of the chamber is proportional to
the ambient density of air and if the temperature of
air in the chamber does not change appreciably, the
mono gives a pulse output whose frequency is pro-
portional to ambient pressure. These pulses are fed
to telemetry through the driver transistor Qs. In this
circuit it is possible to adjust the pulse rate appro-
priate to the ground pressure by adjusting. the
feedback. The sensitivity of the chamber depends on

61
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the capacitance of the chamber and stray capacitance
.of the input circuit. These mtust be stable and made
as small as possible. - :
3 Ifreﬂighl_&.,;(f‘alibra,tign,-, s
.+, The pressure. gauges,made. for. rocket flights will
‘have .to. be caliprated. after..potting the section .in

i A

L

which the electronic . circuits- are, s enclosed. »T he
potted units.is kept.in vacuum, chamber fitted with

a.standard pressure gauge.. The voltage for the

chamber.and the circuit is fed through vacuum feed-

throughs. The gutput of the chamber is.connected ;to
a digital counter. The counting rate at normal grqﬁ,ﬂd
pressure is adjusted between 600 and 700 pulses per
second. The counting rates.for different pressures are
noted as ,the. evacuation of the chamber. proceeds.
The calibration. curve of .pressure against counting
rate for the.unit flown .on flight 08:106 is shown in
Fig. 3. Itis found that the curve is linear even up to
fraction of a mxlil!of pressure.

@ -

[ £

. URCE
10MISATION CHARBER

' 4. Flight Results = .~ . .. &g P
.- A Russian M-100. rocket..(FL 08:106) carrying
- the digital pressure:gauge was-launched from Thumba
on January 3, 1973 at 2120 hrs IST. Earlier the
same day at 2000 hrs IST a standard meteorological
payload (FL 08:105) was launched to measure atmos-
pheric pressure, temperature and wind velocity. Both
the rockets carried radar --transponders to enable
trajectory determination. The rocket FL 08:105 pay-
load contained two Pirani (hot wire) manometers for
ni’_easuring pressure from 50 to 5% 103 mm Hg and
two membrane manometers operating in the range 5
to 250 mm Hg. Pressure measurements from 760 to
350 mm Hg were obtained by balloon borne meteoro-
logical payload which usually preceeds a standard
Met. M-100 ﬂight‘. The procedure adopted to derive
the - pressure values from data sent by a standard
Met, M-100 payload has been described by
Narayanan®, In Fig. 4 the pressure measurements
from the digital pressure gauge of FL 08:106 have
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Fig. 2—The electronic circuits used for the rocket-borne digital pressure gauses

# 62

1
|
|
|




SASTRY et al. :

“been compared with the pressure values derived from

the meteorological rocket (FL 08:105) and the balloon

data. It is seen that the agreement between the
atmospheric pressure measured by the two indepen-

dent methods is good especially above 20 km-

altitude.

3
14 ™

T T T Ty =TT

CALISRATION CURVE OF
DIGITAL PRESSURE GAUGK usStD O
FLOB-I04 JAN 3,197)

T T
2t 1l

COUNTS PER SECOND
1 1.2 131 lll 1

Ll

i

1 P Lyl 1
! 1o’ 102 10°
PRESSURE,mm HG
Fig. 3—Preflight laboratory cahbratlon curve of pressure
against counting rate for a typical dlgltal pressure gauge
instrumented for a rocket payload

DIGITAL PRESSURE TRANSDUCER

A second digital pressure gauge was flown on
11 January 1973 at 2142 brs IST on M-100 FL 08-108.
This-rocket did not reach the full expected altitude
of 88 km but data could be obtained both on ascent
and descent. The data from this flight along with
CIRA model pressure has been shown in Fig. 5. In
the flight 08-106 launched on January 3, the pressure
gauge was mounted in the cylindrical part of the
nose cone where the effects of the wake on the
measured pressure are least. In the flight FL 08-108
the gauge was located in the conical part of the nose
cone where the effects of the wake are more. This
appears to have affected the measured ambient pres-
sure at the sensor.

5. Conclusions

The performance of the digital pressure gauge
described here compares well with the performance
of conventional meteorological pressure gauges. It
has the added advantage that its output is digital and
hence easy to transmit and count. It also has a wide
dynamic range for pressure measurements, Its res-
ponse to pressure changes, stability of calibration and
accuracy of measurement compares well with similar
gauges imported and flown in the first few rocket
flights from Thumba As a /]aboratory vacuum
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Fig. 4— Comparlson of pressure measurements oblained by the dlgltal pressure gauge on FL 08106 and
- those oblained from a standard meteorological payload of FL 03:105
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Fig. 5—Comparison of pressure measurements obtained from the digital pressure gauge flown on FL 08:108
and pressure_from CIRA model

. pressure "gauge, its range and performancé can be
improved on the lines described by Sibley and
Rochrig?. As a rocket-borne instrument, the range of
the digital pressure gauge can be extended to
10-2 mm Hg by conpecting two chambers in parallel.
Using the principle described here, a differential
chamber pressure gauge, semsitive to small changes
of atmospheric pressure can.be instrumented. Such

an instrument will be useful as a laboratory
barograph.
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