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STATEMENT

The work presented in the thesis was carried out by
the author, at the Physical Research Laboratory, Ahmedabad,

under the guidance of Professor Satya Prakash.

The first measurements of electron density irregulari-
ties in the equatorial D and E regions were made by Sétyaf
Prakash, B.H. Subbaraya and S.P. Gupta from the Thumba Equato-
rial Rocket launching Station (TERIS). The work presented .
here is an extension of the above work and was carried out
with the rocket borne ILangmuir probe, The author was closely
associated with the design and deveIOpment of Langmuir probe
system and with many modifications required for the study of
thé irregularity parameters. This thesis is based 6n the

-results obtained from many rocket launches from Thumba by the
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author during the periods of normal as well as counter

electrojet.

Ionizetion irregularities produced due tobcroes field
instability as well as Neutral turbulence mechanism have been*
studied during different times of the day on many normal
electrojet days. Theoretical‘estimates of growth rates were
made, using different atmospheric models, to interpret the
. drregularity observations; The shapes spectra and‘prominent
scale sizes of the irregularities ‘produced through cross-
fielad instability mechanism in the lower equatorial iono-
sphere are being reported for the first time. The in-situ
measurements of the D region which resulted in the study of
the irregularities produced througn neutral- turbulence

mechanism are also being reported for the firet time.

In addition, it has been possible for the first time
to make in-situ measurements of irregularities in D and E
regions, during periods of counter electrojet. The results
obtained from the rocket flights, conducted during counter
electrojet periods, show many important features which could
not be obtained using any other technique. Some of these
are (a) in-situ observations regarding the occurrence:of'
cross-field and neutral turbulence generated irregularities
during counter electrojet, (b) the nature of vertical polari-
zation field and (c) the observations of wave like perturbaw
tions in a region of very steep upward gradient. These

results would also be described for the first time.



(1ii)

In Chapter I the author has made an attempt to review
the different modeis of equztorial electrojet, the phenomenon
of counter electrojet, and the observationél results of the
irregularities produced through cross-field and neﬁtral turbu-
lence mechanisms. DBoth rocket and VHF backscatter radar
results have been reviewed in detail. In chapter Il the
theories of cross-field instability and neutral turbulence
have been reviewed., Both linear and non—linear'theories of
cross-field instability have been discussed in detail in
light of their ability and limitations to explain the experi-
mental observations. The theory of neutral turbulence is
also discussed in brief. In chapter III the author has dis-
cussed various features of the Langmuir'pnybe_ which make it
capable of resdlving the fine structures in the electroﬁ:'
density and the data analysis. In'chépters IV and V the
author has described in detail the results obtained during
normal «nd counter’electrojct periods, respectively. A
detailed discussion of the experimental results and the impor-
tant conclusionsréaohed are givén in chapter‘Via Finally, a
list of original papers published in reputed internatidﬁal‘
journals referred in this dissertation, has been inéluded at

the end.
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CHAPTER - &

INTRODUCTION

Equatorial Aeronomy deals with that region of upper
atmosphere over the equator where the processes of dissocla-
tion and ionization are important. This region extends from
approximately 30 km above the surface of the earth to the
outer limit of atmosphere at many earth radii. In this vast
domain of aeronomy lies a region of relatively smaller extent
known as 'ionosphere!. The term ilonosphere 1s strictly
applied to those regions where free electrons axisf in such
an abundance so as to affect the radio wave propagation
significantly. The lower limit of ionosphere 1s at an alti-
tude of nearly 50 km. The upper boundary of ionosphere is
rather less sharp and merges with the magnetosphere. The

ionosphere is subdivided into three regions: D-region, below



no

80 km altitude, E-region, between 80 and 160 km and F-region,

above 160 km.

[

is qulte dlfferent;i In the D reglon due to large neutral

‘den81ty5 the collision frequenc1es of electrons and ions w1th
neutrals are larger than their reSpcctlve gyrofrequenclcs The
electrons and ions are thus controlled entlrely by the colli-
sions and for all practical purposes do not see the effect of
the magnetic field below 75 km. Beyond 79 km and in the E-
region, the collision f requency of electrons 1s sﬁaller than
their gyrofrequency whereas for ions the reverse stiil holds

good. Thus 1n the E~reglon olectrons are hlghly magnetlscd

and ions are not, This reglon therefore, 1s succeptlble to

charge separation. It 15 in this reglon of Cquatorlal 1ono—

Qphere that a strong current known as equatorlal electroget
hee been observcd This current is generally castward durlngv
the daytlme. Howerer on some special occasions the direc-
tion of current becomes westward for a few hours during day-
time, the flow of such reversed current is termed as counter

electrojet. The direction of current reverses during night-

time and becomes westward.

The present dissertation concerns with the study of
ionization irregularities in the D and E-regions of the
equatoriqi ionosphere. The irregularities are defiueq“gg

Spatldl and temporal vwrlatlons in-.the electlon den51ty. The

L SO

study of 1on1zat10n 1rregular1t1es helps, to a very large




extent; in understanding the various plasma processes taking
place in these régions. It has become increasingly clear by
now that the study of irregulafities gives very‘valuable
information about the nature of the electric fields and the
electrojet currents in the ionosphere. In addiﬁioh% sihce
the irregularities can scatter rédid waves, their presence
has been recently exploited for the communication at VHF
frequencies., A knowledge of the properties of these irregu-
larities would thus be very useful in planning high frequency

ccommunication links.

The electron density irregularities are produced by
a number of causative mechanisms which Operaté in different
regions of the jonosphere. Andtempt has been made by the
author to study the properties of irregularities pfé&ﬁééd
through two such important mechanisms, vizf théﬂbféss field
instability and the neutral turbulence. Since the excitation
ofrcross field instability is closely related to the equato-
rial electrojef, sectioﬁ 1.1 is devoted to the models of equa-
torial electrojet. Sec. 1.2 deals with the phenomenon of
counter electrojét. Observational results of ionization
irregularities obfained using ground based and the rocket

borne studies would be described in Sec. 1.3.

1.7 Bguatorial Blectrojet

The history of electrojet dates back as early as 1722

when Graham found that the compass needle executes some regular



oscillations (variations) during the day. The first explana-
tion of these variationa was given by Stewart (1882) in terms
of an electric current f10wing in the upper atmosphere.

5 Stewart suggested that due to sun's heating convédti?é currents
of air are produced which can be regarded as conductdfs moving
across magnetic lines of force. This is known as 'SteWart’s‘
atmospheric dynamO'theory‘. This theory got suPport‘from
Schuster (1889) who proved that the major portion of the ﬁag-
netic field variations has its source outside the earth. A
more detailed theory was developed by him a little iater

(Schuster, 1908).

In 1922, a new feature of the gomagnetic field varia-
tionskwas brought to light at the g eomagnetic observatory,
Huancayo, Peru. It was found that unlike the daily ranges
of the declination D and the verflcal component Z the diur-
nal range of the horizontal componcnt H was abnormally 1arge.
The dynamo theory and the above mentioned observations got a
new impetus'with.the eXperimental discovery of the ionosphere
independehtly by Appletoh and.Barnett (1925), and Breit and Tuve
(1925,26). The verification of dynamo‘theory with the new dis-
covery of ionosphere got sllghtly impeded when Pedersen (1927)
pointed out that the conduct1v1ty of the ionosphere would be
reduced due to the geomagnetic field., Preliminary calcula-
tions by Pedersen yielded a value of conductivity whichrﬁés
5000 times less than the one required by Schuster's theory.

The discrepancy in the conductivity values was, however,
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- reconciled by Cowling (1933) who found that if the medium is

polarised the Hall current will be inhibited and, therefore,
the conductivity would be highly enhanced. The idea of Martyn
(1948) that this enhanced conductivity is good enough'qu:the’°:
dynamo theory at all latitudes was modified by Cowling and |
Borger (1948) who pointed out that the enhancement of the
conductivity is possible only at the equator because at dther
latitudes the‘polarisation which inhibits the Hall currents,

would leak away horizontally.

Consistent with the above ideas were the observations of

- Egedal (1947,48) who found ‘that the diurnal range of H at six

stations, when plotted against diprlatitude, exhibited a peak’

at the dip equator. Such enhanced diurnal variation at the

dip equator was attributed by him to the electric currents

flowing in a narrow zone near the dip‘equator. This observa-

tion was confirmed afterwards by other workers for many eQua—

torial zones. This current was later named as "Equatorial

Electrojet" by Chapman (1951).
T.71.1 Conductivities in the Ionosphere

In the lower region of the ionosphere (below 75 km)
the electrical conductivity is very small as the region is

characterized by

(e | L2 sz |
s e e &Q )
YVen and Yin
where Sle and.fzk are electron and ion gyrofrequencies and l%w

and )Qn are electron-neutral and ion-neutral collision frequen-



In most of the B-region of the ionosphere the electri-

cal conductivities are large because the region is characteri-.

zed by :
__( .’.)~ é_J -——J?— l‘ < . l
T S — <
N and
VEN Y N

Under these conditions electrons are magnetised wheréas-the
ions are not. The direction of primary electric field at
equator is eastward during daytime, This field 1s generated

due to tlda] motions in the non- equatorlal reglons. Due to

the presence of magnetic field the conduct1v1ty does not

remain a scalar quantity and becomes a tensor.

e

In a weakly ionized plasma such as the E—region
plasma, if the electric field is applied in a direction paral-
lel to the magnetic field the resulting conductivity is knewn
as 'direct conductivity' or 'longitudinal conductivity' and

is represented by 0p where

a | )
oo = Net( —— + ——
J o | < Me )’C ¥y Vi

where N is the electron or ion density both being equal

& 4is the electronic charge
Y. is the mass of the electron
Wy is the mass of positive ion
The direct conductivity is independent of the magnetic
field. If the electric field is applied in a direction per-

pendicular to the magnetic field, the conductivity in the



direction of the electric field is known as Pedersen conducti-

vity and is represented by 7, where

Vo Vi

! - 4

Me (¢ + ));) my (jz{"+ Vi)

[
O'i e N Q_l C‘g
L

In the above condition there is also a fldﬁ.of.éléé- .
tric current in the direction ﬁaX‘E where Eg is the mag-
netic flux vector. This current is known as Hall currenf and
the conductivity supporting the Currenf is known as Hall con-
ductivity and is represented by CEZ where

QL
5 = Ne* pn S T ¢
ST L me(ndevd) M A+ Y7)

\

The general expression of the total current can be
obtained if the electric field is resolved into two components
viz, EO and Eq, parallel and perpendicular to.the magnetic
field respectively. The current density J dis given by

(Baker and Martyn, 1953).

e — ‘ > —
J 75 ES + 0y B, o+ 05 (b X BE) (1)

1

1

Yy

where b = is the unit vector in the direction of the mag-

o1y

netic field.

As pointed out earlier the inhibition of Hall currént
Jeads to an enhanced conductivity. To obtain the effective,
conductivity of the medium, Baker and Martyn (1953) considered
the ionosphere as an ionized layer. If x and y represent.

magnetic south and east respectively, the magnetic flux B dips



down at an angle I to the xy plane and the 2z axis is
towards the vertical, then the sheet in the xy plane can

be considered to be the ionosphere in the northerh hemisphere.
With the assumption that the Hall current is inhibited (jZ:O)
the conductivity in the x-direction due to x component of

the electric field is represented by 7y, and 1s given by

3 e eo o e i T

AN P 2
(UO g\'/};’\ I + O) C3S7 I) (2)
The conductivity in the x direction due to y component of

the electric field is represented by(ﬁzg and is given by

0c J2 Sw 1

U)ﬁﬁ - (0;‘(Q@l]f + J, C@sz-r> (3)

-

The total conductivity in vy direction due to y component
of the electric field is represented by_Ggy and is given by
5 z  —
G Sea T + (0777 )Co.&?_}

Jo, = e
7 Jo St I + T (ps® L (%)

As I = 0 at the magnetic equator the above equations reduce to

F";_ )
05y = J5 5 JT?;U:O cnd. qu = J; + iZ: . ('L')‘j is thg

) ay
effective conductivity in the y-direction and is kncwn as

Cowling conductivity. Due to the inhibition of the Hall cur-
rent the effective conductivity in the y~direction i.e. the
Cowling conductivity is enhanced. The physical explanation
of such an enhancement is simple and can be understood as the
following. The primary electric field in conjunction with the

N-S magnetic field tries to 1ift the plasma in upward direction.



But since the positive ions do not see the effect of the mag-
netic field owing to their large collision frequencies, a

vertical polarization field namely the Hall field is created.
The Hall field crosses with the magnetic field and makes the

- electrons drift in eastward direction and thus enhances the

conductivity in the E-W direction.

1.7.2 Models of the Equatorial Electrojet

The first attempts for the in-situ measurement of
electrojet current were made by Maynard et al. (1965) and
Maynard and Cahill (1965b). Four Nike Apache rockets were
launched in January, 1964 from Thumba, India by Maynard et_
al. (1965) under a joint NASA-INCOSPAR programme. The roc-
kets carried the Packard and Varian (1954) type 'Proton Pre-
cession Magnetometer'!. The measured values of the-magnetic
field were plotted against altitude. Theoretical estimates
of the magnetic field over Thumba were also made using‘the
spherical harmonic analysis of. Finch and Leaton (1957).
fheoretical values were then subtracted from the actual
observed magnetic field in order to get the field due to
electrojet current. These results yielded a value of 60;70
gammas for the electrojet field. The peak current was found
to be situated around 109 km and a diffuse trail upto 130 km

(Maynard and Cahill, 1965a).

A second campalgn of similar measurements was started

by Maynard and Cahill (1965b) who launched four Nike Apache
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\féckets from the USNS Croatan during March 1965. The launch-
ings were made off the coast of Peru and were a part of NASA
Mobile Launch Expedition. Payloads flown were similar to
'bnes fldwn in India. The results showed that the depafture
fiéld or the difference field exhibited a chénge‘of slope‘aﬁ
95 km and that maximum departure was about 120 gammas af 108
km. Beyond 108 km the current layer diffused upwards upto

';\130 km in a manner similar to that observed by them over India.

The two attempts to measure the electrojet currents
over India and Peru brought very interesting results. Suguira
and Cain (1966) tried to interpret these results by prOpbsihg‘
the first model of the equatorial electrojet. Follgwing were

the main features of the model:

(a) Vertical currents were neglected (j, = 0)

(b) ZElectric field in the north—south direction
waé neglected (Ex = 0)
(¢) Primary field in the Kast-west direction was
taken to be constant (Ey = const) with altitude
(d) Realistic magnetic field values were incorporated
(e) Height profiles of collision frequencies and

electron densities were assumed,

The model was developed from the basic equations of
current and layer conductivities (EQuations 1 to 4). The final

expression for the current in the E-W direction was found to be
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iy = Oyy. By , (5

This model, better known as OgH model qualitatively explains
the features of the electrojet. This model, however, gave '
much smaller width for the equatorial electrojet than later
observed by Davis et al (1967). The model was 1ater'§roved
to be self-inconsistent by Untiedt (1967). The actual equa-~
tions for the current in x and y directions as obtained

by them, are

jx = 0oy Bx + Opy By (6)

iy =““JﬁjEx + ng Ey (7)

The equation (6) shows that if Ey is assumed to be
zero the W-S current Jy will be finite. Oxy is dependent of
I and, therefore, of x. This suggests a strong divergeht
current system in the N-S direction which camnoﬁ exist in‘a
system like electrojet. In fact a meridional electric field
is set up in the XZ plane which according to (7) would contribute
to the électrojet currents except at the equator. The meridio-
nal field is non-zero and can yield a non-divergent meridional
current system, a major part of which is in the vertical direc-
tion, therefore the first assumption that Jjz = 0, everywhere

is not wvalid.

In March 1965 there was another series of rocket laun-
chings by NASA Mobile Launch Expedition. Nine rocket launch-

ings were made by Davis et al. (1967) for the latitudinal survey
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of the cquatorial electrojet over Péru. Rubidium vapour
magnetometers were on board to find out the total field. On

oﬁe of the flights which was conducted during nighttime a

very weak current opposite ih direction to the castward day-
time electrojet was detected. The experimental results of
Devis et al. (1967) showed that the equatorial electrojet had

a lower maximum current density and was much more'extended in
latitude than indicated by Suguira and Cain (1966)° The cross-
sectional chrrént‘density profiles derived by Davis et al.
(1967) could not be accounted for by the model. Appre-
ciating the obvious incompatibilities between model and
their results, Davis et al (1967) proposed a modified model

in which N-8 current was completely inhibited in addition to the
vertical current i.e. both jy and j, were assumed to be zero.

Putting jx = jy = 0 in equation (6) and (7) one gets

2

( T
jy = Ty 2 ) B (8)
‘ \ > T A 4
and equations 2-4 now yield
- Txy
Gyy + — = T3 (9)
v :
where 7z = d; + gg’ is the Cowling conductivity.
I

In the model of Davis et al. (1967) Ué does not depend upon
x hence the assumption Jjx - 0 does not lead to electrojet.
The self inconsistencies of ng and Davis ¢t al.'s model led

Untiedt (1967) to propose a numerical two dimensional model.
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The main features of Untiedt's model were the

following:

(a)

(b)

(e)

()

(e)

The vertical currents were not assumed to be

zero (jz # 0)

A flat earth picture was taken

 Similar to 693 model all quantities were assumed

to be dependent of x and 2z only

The current function l# ‘was assumed to be

non-divergent

Winds were assumed to be stationary so that

%22‘:: 0 and the electric field is irrotational,

To solve the resulting equations following simplifying assump-

tions were made:

(a)

Ey was assumed to bé constant with the latitude
and altitude. A value of 1 mv/meter was used
for calculations., In actual case Ey varies with
altitude as seen by‘Subbaraya et al. (1972) who .
find that the c¢lectric field increéses with
altitude. All currents and magnetic fields of
the electrojet system are proportional to Ey
hence the model can be scaled to represenﬁ dif-

ferent conditions by simply changing Ey.



(b)

(c)

1

& = 3 x1077 (1.72 deg/100 km.). This means
magnetic inclination depends 1ineariy on x and

its dependence on z iS neglected. This is justi-
fied for the electrojet as it occurs in-é narrow

region,

¢y and 035 do not depend on the latitude 'x!'.

Under the above assumptions the total current will be non-

divergent but not the partial currents due to ions and

electrons.

The conductivities used in Untiedt's model were cal-

culated from the height profiles of electron density obtained

by Maynard and Cahill (1965a) who used a d.c. Langmuir probe.

The results of Untiedt's analysis show that:

(a)

(b)

A toroidal magnetic field was obtained which

points towards magnetic west in the northern

hemisphere and towards magnetic east in the

Southern hemisphere. In =z direction the field
was maximum at 125km whereas in x direction the

maxima occured at a distance of 325 km.

The meridional currents of 80 amp/km flow to-
wards the equator below 125 km and away from the’
equator above 125 km. At the equator the direc-
tion of current is vertically up with a maxima

7

at 123 km where the current density is 9 x 10~

-~
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(c) The reduction in electréjet éurreht as one goes
away from the equator is much less than predicted
by 05y model. The height of the peak of the
électrojet shifts only from 105 km to ﬂOO km as
one moves from x = O (equator) to x = SOO‘km.

At the equator current densities are slightiy'
more than the ones obtained in Tyy model. A
comparison of current and UE) profiie shows that
‘Cowling conductivity represénts the électrojet

fairly well in the neighbourhood of the equator.

(d) The H wvalue at the ground due to ionospheric.
~currents is 92,5 )Y at the equator. The ratio
of H at equator to H outside equatorial zone is
2.4 against a higher value of 3.2 given by‘ﬁgy,':

model,

A minor improvement in Untiedt's model (1967) was made
by Suguira and Poros (1969). They used a spherical harmonic
expansion for the geomagnetic field and have given model elec-
trojet for six different longitudes. This model is different

from Untiedt's model in the following Ways s
(a) The magnetic field used is more realistic.

(b) Spherical earth geometry and spherical polar

coordinates are used,
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In this model the ratio of vertical polarization field

~ to the primary electric field was found to be 25 at 100 km
altitude. The same ratic was 28 in case of ﬂ’ﬂj model This
shows that meridional currents reduce the vertical electrlc

field but only to a very small extent.

Kato (1973) pointed out that the general belief fegard~
ing the equatorial electrojet that it is driven entirely by an
electrostatic field riamely the Hall field may not always be
true. In presence of the N—S'magnétic field B and an E-W wind
W which can be generated due to tidal motions, the dynamo
action creates a charge separation. This charge separation

is responsible for the polarization, which is such that, the

pol +W X B~~~ 0, If the cancellation is complete

there is no contribution to the vertical electric field due to

total field B

the horizontal wind motion and electrojet current does not get
affected by winds. Kato (1973) has showh that when more,rea;
listic curved field lines are considered (instead of approxi-
mate horizontal lines) the effect of horigontal winds dis such
that the cancellation is not complete and hence there is a net
vertical field due to wind motion, Thus the vertical Hall
field which drives the electrojet would be modified with this,

vertical field due to wind motion.

The effect of neutral winds on the equatorial electro-
jet was considered in detail later by Bichmond (1973) who
developed a numerical model of equatorial electrojet. In this

model the geomagnetic field lines were assumed to be perfect



17

conductors i.e. 0 was assumed to be infinite. The results
of currents and the ground level variations ( [\ H) of infinite
Jp model were found to be same as in finite 3 model. in
addition, the assumption of infinite o3 Simpiifies the com;
putations to a great extent and provides additional'conééptual
insight into the physical mechanism of electrojet. It was
emphasized in the model that the electric field and currentv

at any given point is strongly dependent on the conditions
prcvalllﬂg all along the geomagnetlc field line and is almost
1ndependent of condition: preValllng in the neighbouring fleld
lines, The effect of height varying E-W and N-S winds has also
been taken into account in this model. It is found that E-W
winds do not affect the electrojet current upto i1o. Beyoﬁd
i1o these E-W winds significantly affect the eastward current_‘
and the ground level variations ( A H). The inclusion of N}S
winds did not have much effect on thé eastward current but

resulted in generation of cross-equatorial currents.

1.2 Counter Blectrojet

The history of the counter electrojet dates back to
the year 1940 when Bartels and Johnston (1940) while studying
the geomagnetic tides in horigontal intensity at Huancayo
observed that on some of the magnetically quiet days the varia-
tion of H was abnormal and exhibited a large depression during
daytime. Bartels and Johnston attributed these depressions to

large fluctuations in the lunar component L which they thought
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could exceed even the solar quiet day component Sq at the time
of such large depressions. The next important observation in
the series of counter electrojet phenomenon, as has become
evident now, was made by Matsushita (1957) who found that at
Huancayo on some days the equatorial Es or Es—q. which was
quite normal upto 1330 Hrs (L.T.) suddenly vanished at 1345
Hrs (L.T.) and then reappeared after a gap ranging between
half an hour to a few hours. Since the main objective of
Matsushita was to study the lunar effects on Es_q , no attempt
was made by him to correlate drifts or magnetic field with the

observed phenomenon.

’Gouin (1962) reported some abnormal behaviour of the
horizontal component of the geomagnetic field H, over Addis
Ababa which is an equatorial station under the direct influence
of the equatorial electrojet. The normal behaviour of H for
Addis Ababa or for that matter any other equatorial statibn is
a gradual start with a small dip before sunrise, then a maxi-
mum around local noon and thereafter, a steady fall, with
slight positive assymetry, to nighttime level. The maximum
during noon lies somewhere between 100 and 200 gammas above
the nighttime level. Gouin found that on three days in the
month of January, 1962 the H curves were very much deviated
from the normal one and had large depressions during daytime.
These depressions in H were reflected in the vertical compo-
nent z, and the declination D also. There was, however, no

trace of any such depression before and after these three days.
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lunar effects alone. While studying the properties of blanket-
ing type of sporadic E over an equatofial station, Kodaikanal
(dip 3.4°N), India, Bhargava and Subrahnanyan (1964) found
that at the time of appearance of ES*q all geomagnetic and
ionospheric features which are observed under the influence of
electrojet are suppressed. They found that just before the
local noon the horigzontal component of geomagnetic field
showed a large departure and the Eg.q was either absent or

was very weak. DBut in addition to the disappearance of Hg_,
at the time of depression in H, which was found earlier by
Cohen et al. (1962), Bhargava and Subrahmanyan (1964) found
that, at the same time, i.e. just before the local noon when
depression in H was seen, the height of maximum F-region ioni;
zation decreases, the extent of F-region gets reduced, i.e.
thinning of the F-layer and, the region becomes denser. Based
dn all the features such as depression in H and disappeafanée

of B etc., Bhargava and Subrahmanyan (196k%) concluded that

5=q
there should be a westward electric current in the ionosphere

at the time when blanketing Eg is observed.

An extensive study of such depressions was later car-
ried out by Gouin and Mayaud (1967) who found that the occur-
rence of such depressions was more during morning and evening
hours and that the occurrence during noon was rare. Since the
occurrence was confined to same local time on a number of con-
secutive days the lunar origin of such depressions was ruled
out. Gouin and Mayaud (1967) were convinced that these depres-

adAne wera limited +n eanatarial wone onlv Tike the lecqusatorial
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electrojet! and since the variations in H were not related to
Sp, variations in the declination, they christened the pheno- 3
menon 'Counter Blectrojet!. Later, Hutton and Oyinloye (1970)
observed the disappearance of Eg.q during the periods of |

counter electrojet at Nigerian stations Zaria and Ibadan,

Using a VHF backscatter radsr Balsley and Woodman
(1971) measured the horigzontal electron drift in the E-region
during the period of counter electrojet. Their results show-
ed that during counter electrojet the drift velécity reduced
to zero but did not reverse. On the other hand Rastogi (1971)
using three spaced receiver's technique found that horizontal
drifts in the E-region, and the vertical drifts in the F-
region over Thumba reversed during the period of counter
electrojet. Iater on it was shown by Raétogi (19§§) that
even for Huancayo Eg.q disappeared when electron drift velo-
city as measured by VHF doppler spectra indicated vefy/small'
velocity or even reversed E-region drift and downward F;regiohv
drift. If these reversals in the drifts are true the direc-
tion of primary electric field and, therefore, the direction
of main electrojet must have got reversed during such periodsg
If the electrojet current gets reversed it should be reflécted
in the magnetic field above the ionospheric height. Kane
(1973a) using the POGO satellite data of Cain and Sweeney
(1973) observed one such case where the electroject signatures
(as shown by the magnetic fields in the higher regions) were
reversed during a period when counter electrojet was observed

at oronnA
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About the extent of the counter electrojet Rastogi
(1972) showed that it can be seen at two stations separated
by a few hundred Km in the N-5 or a few thousand km in the
E-W direction., The decreased hmaX F2 which was first Obser—i
ved by Bhargava and Subrahmanyan (1964) during the depression
in H was later studied in detail by Rastogi (1974). Rastogi

(1974) Showed that during the period of counter electrojet

the height of maximum ionization in F2 region_ h F ., decreases.

2 max ~ 27
A new term 'partial counter electrojet' was introduced by

Rastogi (1974) who observed the cases where the depression
was seen around afternoon hours but the wminimum value of the

fiéld was much above the nighttime level.

Osborne (1964) suggested that the strength of the
electrojet can be estimated from the difference of H Values
of an equatorial station and a station just outside thg influ—
ence of electrojet, On magnetically quiet days the identifi-
cation ofAcounter electrojet is easy and can be made by locat-
ing a depression‘below the night level in f\(Hequ - Hyow lat.)_
curve. This method of defining the strength of electrojet
currents would be in error depending upon the relationship
between the low latitude Sq variations and equatorial magnetic
field variations. Nevertheless this method seems to be quite
good in establiéhing the presence of counter electrojet. On
disturbed days, however, the method is not so straightforward
and involves the removal of DST and D5 effects completely.

Kane (1973b) has defined an index SdI to test whether it is a



23

sd | . - H +8q
T (equator) (equator) “(low lat.) (low lat.)

If Sd goes below the baseline it is termed as coun-
(equator) . , }
ter electrojet day.

Recently a VHF backscatter radar operating at 54.95 MHz
was used to study the irregularities present at Thumba, India
during the period of counter electrojet (Muralikrishna 1975).
On most of the counter electrojet days the backscatter signal
was absent indicating thereby the absénce of 3-meter irregula-
fities. On a few occasions, howevér, weak return echoes were :
detected. It was found that radar echoes appeared only when .
the reversed currents had become sufficiently strong and when
sufficient time had elapsed after the onset of the reversai,
The return echoes lasted for longer periods and were much
stronger when observed during decay phase of the counter elec-
trojet currents as compared to these observed during the devé~
lopment phase. A comparative study of number of counterveleé—
trojet occurrences with solar Ap index revealed that quiet days

were more favourable for the occurrence of counter electrojet.

1.3 D and HE-region Irregularities

1.3.1 Observational Results of Ionization Irregularities

from Ground Based Studies
17.3.7.7 Studies with Ionosonde

Sir BEdward Appleton while studying the ionograms for

- . N



in the E~region traée (Appleton, 1930). The occurrence of
such abnormalities was so unpredictable that the name -
"sporadic E' was attributed to them. The name sporadic E or
Es adopted by the international community is a misnomer as
these irregularities are more or less a regular feature in
different latitudinal zones. At the equator the name 'q~typé'(

or ES is used to designate these irregularities.

On an ionogram the Es—q appears either as a dense
layer or a patchy structure at E-region heights in 100-120 knm
region. At times when the layer is so dense that the reflec—
tion from the higher regions are not possible, it is known as
‘blanketing type' of sporadic E or simply Es—b' The blanket-
ing frequency beS is the lowest frequency at which echoes
from higher layers are received through Eg layer. When there
is a complete blanketing the observations of F-region are
prevented by this layer but at other times the layer could be

partially transmitting over a small frequency range.

An indication whether the layer is thick or thin can
be bhad by observing the retardation near the maximum frequency
on the By traces. The presence of retardation near the maxi~
mum frequency indicates that the layer is thick whereas the

thin layers is characterised by no retardation.

The important paramcters most frequently used to
describe the sporadic E are the critical frequencies of Bg

layers, foEs and fiEs (both ordinary and extraordinary) ,
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blanketing frequency beS and the virtual height h'ES. When
the usual 'cusp' type reflections are not seen on the iono-
gram the frequency ftES, which is the top frequency at which

the reflections are observed, is used,
1.3.1.2 Studies with VHF Forward and Backscatter Radar
a) BElectrojet Irregularities

The studies of donigation irregularities started with
the work of Booker and Gordon (1950) who applied the theory
of scattering of radiowaves, by turbulent medium, to the tropo-
spheric heights, Bailey et al. (1952) made the calculations
of such scattering at higher levels (E-region altitudes) and
then performed an experiment to check the validity of the
theory. 1In accordance with their calculations Bailey et al.
(1952) were able to receive high frequency signals betweeh two
mid-latitude stations sepérated by about 1245 km. Although
the high frequency signals (49.8 MHz) were received irrespec-
tive of the time of obServation, season and the status of the
geomagnetic field their intensity was slightly dependent on
these factors. These observations were later interpreted in
terms of scattering caused by irregularities in the E-region

altitudes.

Bowles and Cohen (1957) operated a chain of 50 MHz
VHF forward scatter radars near the magnetic equator in South
America. The results of these observations showed that the

propagation of VHF signals was associlated with sporadic-E and
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was well correlated with the time variations and height of
the equatorial eleétrojetn It was later experimentally
established by Bowles et al. (1960) that plane wave electron
density irregularities were acting as scattering centres for
the VHF radar echoes, These plane waves were found to be
moving in the general direction of the electron flow which is
towards west during daytime. Bowles et al. (1960) predicted
that the irregularities should be highly field aligned, i.e.

the scale sizes of the irregularities along the field lines

must be much larger than across them. This prOposedrfield
aligned nature of irregularities was later confirmed by Egan
(1960) who used an obliquely looking radar at Huancayo, Peru
(0°31' N dip) and found that the echoes were highly aspect
sensitive and could only be observed when radar beam was Jlook-
ihg at right angles to the magnetic field which is in N-5

direction over Huancayo.

Another valuable information regarding the region of
generation of these irregularities was presented by Cohen and
Bowles (1963) who used the VHF forward scatter radar over a
transequatorial path and showed that the irregularities are
generated between 95 to 110 km. This range of 9% to 110 kn
agreed well with the limits of equatorial electrojet given
carlier bylSinger et al, (1951). In addition to the region

of occurrence, Cohen and Bowles (1963) found a positive cor-

relation between the radar echo intensity and the variation
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in the horizontal component of the geomagnetic field. Bowles
et al. (1963) found that the apparent radar echo cross-section

increases with the elevation angle.

As the operating frequency of the radar decidgs‘the
scale size under study Bowles et al. (1963) used/§W§:different
frequencies (148 MHz and 50 MHz) to have an ide; 5ggfhéébeha—
viour of two different scale sizes; their results showed that
threshold needed at 148 MHz was higher than the one needed at

50 MHz but nevertheless they had similar characteristic spectra.

Upto this time the irregularities observed by VHF scatter radar
were thought to be generated due to the two stream instability
mechanism (Farley, 1963). But around the same time it was
pointed outiby'Bowles et al., (1963) that at times when the
threshold of two stream instability is not reached, a vertical-
ly pointing radar detects echoes Which did not have the above
mentioned characteristic spectra. The large scalc blobs of
irregularities were also found to be moving in westward direc-
tion. These observations, howevér, could not be reconciled
with the Farley's two stream instability theory. A detailed
study of these irregularities (at-50 MHz) was made by Balsléy
(1967) who classified the irregularities into two types namely

"type I' and 'type II' and suggested that two separate mecha-

nisms must be operating in the electrojet which give rise to
these types of irregularities. Balsley ddentified the two-
stream instability as the generating mechanism for type I

echoes, But the rocket studies of Prakash et al., (1971¢) show
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f_that'the threshold requiremeht for two stream instability is

not met in case of type I echoes. Regarding the generatlng

mechanism of type II echoes 1t has become clear from the

rocket studies (Prakash, et al. 1971c) that these.echoes are/

due to small scale irregularities which are gunerated through

cross~field 1nstdb111ty mechanism,

The velocities of both type I and type II irregula-
rities were derived by Balsley (1967) from the doppler shift
~in the returned radar signal. Using the following simple

~ formula one can compute the velocity of irregularities if the

doppler shift is known.

2V, £ SinhB

C

| AN

where f is the transmitter frequency, '
A f is the dopper shift in the received signal,
Vd is the drift velocity of irregularities,
0 is the angle which the direction of antenna

beam makes with the vertical, and

C 1s the velocity of light.

The doppler shift in case of type I irregularities is
always around -120 Hz when the radar beam is pointed westwards
during daytime, This doppler shift was found to be independent
of antenna elevation angle. As the radar beam is pointed west-

wards during these observations, a negative doppler shift of

120 Hz indicates that the irregularities are moving in westward
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direction with a velocity of =2 360 meters/scc, a velocity
which is close to ion-acoustic velocity in that region. Such
a fixed doppler shift is usually observed at a time during

which the electrojet is supposed to be quite strong.

The doppler shift for type II irregularities is always
much smaller than type I indicating that type II are moving with
relatively slower speeds. Type II irregularities are usually

present at all times except when electron drift velocity may

be expected to be near zero., Another important point made by
Balsley (1967) was that the power of the return signal was pro-

portional to the square of the drift velocity of irregularities.

In case where both type I and type II echoes are pre-
sent thegindividual contribution from two types can be estimat-
ed on the basis of signatures of these echoes. This mefhod of
spectral decomposition was given by Cohen (1973). Balsley
(1967) studied the variation of observed drift velocity with
the antenna elevation angle; the results of observed drift
velocities showed a very good agreement with the theoretically

predicted value of horizontal velocity.

In order to know the lower scale sigzes upto whicﬁ the
spectrum of type I and type II irregularitices cxtends Balsley
and Farley (1971) made radar studies at three different fre-
guencies viz. 16,25 MHz, 49.92 MHz and 146,25 MHz. These
studies showed that at higher radar frequencies the strength

of type II echoes decreased much more rapidly than type I; the
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decreasé being so large that at 146,25 MHz type II signals were
notfat all observed. The velocities of type I and type II

dirregularities were found to be independent of radar frequency.
It was also pointed out by these studies that the dependence of
type I scattering cross-section on electrojet strength was more

at higher radar frequencies,

A detailed study of small and large scale structures of
the irregularities was carried out later by Farley and Balsley
(1973) using the Range Time Intensity (RTI) diagrams. The
technique of RTI diagrams has been described by Balsley (1969).
Using a vertioally'pqinting radar beam which was 1° wide,
Farley and Balsley (1973) could get the spatial resolution of
the order of 300 meters. Such observatioﬁs showed that struc-
tures of 300 to 1000 meters scalesize were present and were
moving, sometimes, vertically upwafds and, sometimes, downwards
with a velocity lying between 50-75 m/s. The velocities could
not be conclusively determined with RTI diagrams, but their
being in the range was'indicated by doppler shift radar measure-
ments. At another occasion they used radar of wider beam width
( ~30°) and pointed it towards 45° west. The resolution achieved

in this case was about 1.5 to 2.0 km. The results of RII dia-
‘grams showed that irregularitics of few k. scale size had life
times of the order of 10-30 seconds and were moving in westward
direction. Since their pulse width was very small (=104s)
such features could be seen, otherwise usually when one aver-

ages the signal for about a minute or so, or uses wider radar
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pulses,‘the echo would appear to come from all directions.
These studies were in agreement with the earlier rocket obser-
vations of Prakash et al, (1970) wherein it was found that the
}irregularities have scalesiges of a few km, in the vertical
direction. The region of occurrence, amplitude, shape and
spectrum of the irregularities with scalesizes from a few km
down to one meter have been given in g comprehensive review by

Prakash et al. (1973).

As the radar observations showed that type II irregu-
larities were present even when the drift velocity was less
than the ion-acoustic velocity, it was suggested by‘Farley and
Balsley (1973) that small scale irregularities must be genera~
ted indirectly through some non-linear processes wherein ener-
gy is fed from larger scale siges to smaller ones. The large
scale irregularities, whose presence was first pointed out by
Prakash et al. (1970) and later confirmed by RTI diagrams, when
grown sufficiently could significantly alter the local condi-
tions so as to make them suitable for invoking the nonlinear
feed back of energy to generate smaller scalesize irregulari-
ties. Such a mode -~ mode coupling was proposed by Sudan et al.
(1973) and would be described in Chapter II. Balsley and
Farley (1973) carried out another set of measurements with
improved altitude and time resolution. If the spatial reso-
lution of radar measurements is comparable to the size of large
scale structures the turbulent model is expected to yield high-

ly variable Doppler structures. In the earlier measurement of

Tarlatsr anmd RalaTasr 40D\ Ganm b ol mmcn . 22 0 SO -
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resolution, these features were obscured and spectrum was
found to be fairly narrow and symmetrical about zero Doppier
shift with practically no structures. Withvthe improved
altitude resolution the Doppler shift which represented the
vertical velocity was found to vary rapidly with altitude to
‘the extent that the direction could be reversed two times 1n

a bare distance of 5 km. With the improved time resolution it

was possible to study the evolution of Doppler shlft in time

7 :atva given altitude. It was found by Balsley and Farley (1973)

that at a given altitude the Dopplervshift coul d be markedly
change in about 2.5 seconds and could even reverse sense in
about 5 seconds. Although these resolutions were orders of
magnitude better thén the earlier ones but were certainly not
the ones which one would like td have. A new signal processing
and datavdiSplay technique named as the modified range time
intensity (MRTI) display was developed by Fejer et al. (1979).
With the help of MRT T technique the structures could be studied
with a altitude resolution of 1 km, and a large dynamic range
of 60 db could be covered. This system was very much suited
for nighttime observations. Using thisbtechnique Fejer et al.
(1975) studied the vertical structure of the VHF backécattef—
ing region in the electrojet. During daytime echoes were
observed from a region extending from 93 to 113 km, during the
evening they were obtained from two split regions around 100
and 120 km whereas during nighttime echoes were obtained from
an extended region of 93 to 130 km. - The results of Fejer et

al. (1975) confirm the ecarlier rocket results of Prakash et al.
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(1971c¢) that type II irregularities are produced through
cross-field instability mechanism . The author also gets
similar results from the rocket data at Thumba. The results

obtained by the author would be described and discussed in

chapter IV and VI respectively.

Using a 54.95 MHz VHF backscatter radar from Thumba,

~ India, Muralikrishna (1975) reported the nature of irregulari-
 fties around morning and evening reversals of electric field.
\”it was found that just before the morning reversal the obsef~
ved Doppler shift exhibits a pronounced peak at + 120 Hgz whiéh
corresponds to a eastward velocity of 360 meters/sec. showing
that before morning reversal type I echoes are present, During
reversal or transition no radar echo was observed. After the
morning reversal type II echoes were observed. In addition, it
was found that scattering region was higher during times close
to the reversal periods. The observations around the evening
reversal showed_ﬁhat just before the reversal spectra are gene-
rally broad and also the Doppler shift is such that irregulari-
ties are moving with low drift velocities of the order of a few
tens of meters per second in the east-west direction. During
the reversal there was no radar signal. After the cvening
reversal also type II irregularities are present but the Dop-
pler shift 1S negative suggesting that after evening reversal

irregularities are moving from west to east.
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b) Irregularities due to Neutral Turbulence

~he theory of scattering of radiowaaeé by turbulent
' medium was propose in 1950 by Booker and Gordon (1950).
Bailey et al. (1952) calculated the scattering of 50 MHz sig-
nal from E-region altitudes for a path length of a few thou-
sand kilometers on the basis of the theory of Booker and Gor-
don (1950), and then conducted an experiment to verify the
theory. The rcsults were remarkable as the signals were'

transmitted exactly in the fashion as originally thought of.

The fading characteristics of these signals followed a Ray-
leigh distribution. Some theoretical work on the scattering
of radiowaves by turbulent medium was done by Villars and
Weisskopf(1955). Gallet (1995) proposed a mechanism by which
the neutral turbulence could produce electron density fluctua-
tions. Since the mechanism could produce only very weak ir-
regularities Gallet proposcd an amplification mechanism of
the weak ilrregularities. Some of these theoretical ideas

would be described in chapter II.

As far as experimental results are concerned, to the
best of author's knowledge, there are only two attempts which
have been made using VHF backscafter radar. The first one was
by Crane (1970) and was limited only to stratospheric heights.
Although Crane (1970) used a very powerful radardhe was unable
to get the return echoes‘of power greater than noise level,
Recently Woodman and Guillen (197%) made the observations of

irregularities produced by neutral turbulence mechanism, They -
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used an antemna which had a collecting area of 8.4 x 10h m2.

The peak power of the radar was 1 MW, pulsewidth was 33 us

~and bandwidth was 30 KHz which enabled them to have a height
“resolution of 5 km. The pulse repitition rate was 700 micro-
seconds. ®Since the operating frequency was 50 MHZ,-WOodman
and Guillen (1974) could have studied only 3 meter irregulari-
ties. But from the subsequent analysis of the received signal
they derived the information about degree of turbulence at 3

’ ‘meters as well as about large scale sizes wherein 3 meter fluc-

tuations were used as tracers.

Woodman and Guillen (1974) found that below 85 km.
altitude there were two regions from which the echoes of suf-
ficient strength were coming. The first oﬁe was the strato-
sphere with which we are not concerned here, The second one
was the mesospheric region of 55-85 km. For the regioh of
55-85 km. a conﬁinuous plot of received power versus time was
obtained., The behaviour of 3 meter scalesizes was found to be
highly variable and echoes were observed only during daytime
and were always absent during nighttime. Although their spa-
tial resolution was only 5 km, they claimed that from their
resulbs they had an indication that well defined layers, nar-
rower than 5 km, were present, sometimes, for even several
hours together and produced echoes which were 10-15 db stronger

than the background.
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1.3.2 Observational Results of Ionigzation Irregularities

from Rocket Borne Studies

The study o>f vertical structure of irregulsrities and
bthclr motion with the ground based backscatter radar, both

at Jicamarca and Thumba has given very interesting results

As the generation of irregularities depends on the properties
of the ambient medium the ground based techniques cannot be |
employed to study the properties of the ambient medium. With
| the advent of rockets and satellites for research investiga-
‘tion a new dimension was added to the scope of these studies
and irregularities could be studied directly using the in-situ

probes,

The in-situ measurements of ionisation irregularities
in the equatorial ionosphere were carried out extensively from -
Thumba, India using rocket borne Langmuir probes, resonance
probes :1d proton precessioz'magnetometers. All the rocket
results which were obtained without the involvement of the
author would be discussed in the following. The recent work
i.e. from the last five years or so in which the author was
| fully involved would be described in chapters IV, V and VI,
Before describing the rocket results the principle of Resonance
probe and Proton precession magnetometer would be briefly dis-

cussed,

A novel technique based on the mutual admittance of the

two antennas (one of the them as an exciter and the other as a
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feceiver) was developed by Prakash et al. (1972). This system
has many practical advantages over the system earlier flown by
Heikkila et al, (1968)., 1In this technique a R.F. signal of
: varying frequency is applied to the exciter and a part of_
induction current from it is received by the receiving ahténna; 
As the applied signal is varied in frequency the receiﬁéd sigf
nal shows amplitude variations due to varying response of the
medium and several plasma resonsnces can be detected. The
strongest\and most easily recognisable resonance is at the

upper hybrid frequency fp which is given by the relation

2 2 2

where fN‘ is the plasma frequency and fH is the gyro-

- frequency of the electrons in the medium. As the value of fp
is accurately known the value of fN can be easily determined.
The electron density N can be calculated from the relation

N =1.24 x 104 f§ where N and fiy are expressed in em™3

and MHz, respectively,

For the experimental set up two stainless steel cylin-
ders concentric with the rocket body and insulated from it were
used as exciters. One was placed near the fins of the rocket
(far exciter) and the other was placed near the telemetry
antenna (necar exciter). During alternéte cycles a voltage
of about 0.7 volts R.M.S5. was applied to the far exciter and
0.35 volts to the near exciter. The rcceiving antenna is the

front portion of the nose cone and is used to measure the RF
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current flowing into it. This current is estimated by measur-

ing the voltage across a resistance of 1 K. This resistance

is much less than the impedance of the medium and the impedance
- of the stray capacitance of the receiving antenna., A sweép'
frequency exciter with a frequency sweep from 6.5 Mz to 0.5
MHz in abéut 1.5 second duration is used alongwith a double
~conversion type superheterodyne receiver with controlled gainv
and synchronized with the exciter frequency. The transmitter

\ butput is maintained at a constant level by means of an AGC

éystem. The receiver uses two kinds of AGC systems to cover

a wide dynamic range. A fast AGC system acts on transient varia—
tion, and a slow AGC system acts on average level of the recei-
ved signal, The R.F. system developed by Prakash et al., (1972)
is more guitable for ionospheric studies over the onc by Heikki-

la et al. (1968) in the following sense.

(1) Since no booms are used as exciters the arrange-

ment is simple and takes less space. In an experiment where

- proton precession agnetometers are flown, the space is so

limited that booms cannot be flown.

(11) The booms will also reduce the reliability and
performance of the rocket and also the data of ionization

irregularities would be more noisy.

(iii) Since the exciter and the receiving antenna
systems are symmetric with respect to. the rocket axis, it eli-

minates any possible spin dependent effects on the resonances.
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s

(iv) The arrangement of sensors and their geometry

. is such that the induction field from the exciter does not
reach the receiver directly but first goes out into the plasma
and then comes btack to the receiver., The ceffective distance
achieved this way is much larger than that in other systems

resulting in very sharp resonances.

The measured electron density represents the actual
value in the ambient medium unperturbed by the rocket motion.

:Q,The point has been confirmed by comparison of the data from the

far and near exciter when used on alternate cycles.

The proton-precession magnetometer used for the rocket
flight consists of a proton sensor, a programming unit, a pola-
rizing unit and a low noise high gain amplifier (Sastry, 1968).
This magnetometer is based on Packard and Varian typc flown
earlier by Cahill and Van Allen (1956). When the rocket borne
magnetoneter traverses the electrojet region it measures the
resultant of the geomagnetic field and the field due to elec-
trojet currents. A theoretically predicted base value (ih
absence of electrojet currents) is selected and departure NF
of the measured field from this base value is calculated. N\ TF
values are plotted against altitude to obtain the 'difference
curves'. The current density profiles are derived from the
slopes of these difference curves under certain assumption-
regarding the nature and extent of electrojet currents. The
effect of currents induced in the conducting earth is alsc

taken into arconnt durine this comversion (Sastrv. 1970).
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Using the rocket borne Langmuir probe Prakash et gl.

- (1968) obtained the electron density profile and electron

\, temperatures for evening twilight hours. The presence of

E2 layer was confirmed at 130 and 136 km during the ascent and
descent respectively. During this first attempt audio ffe-
guency fluctuations in the electron density were recorded in the
’frequency range of 880 Hz + 15%. The amplitude of the fluctua-
tions varied with height indicating that the nature of the
spectra was changing. These fluctuations were proposed to be

generated due to ion acoustic waves which in turn were possibly

. produced by winds and electric fields. Subbafaya (1968) has

reviewed theiprogress of in-situ measurements till that time,
Prakash et al. (1969a) made another rocket launch during the
evening twilight of 2nd February 1968, In this flight the |
fluctuations were measured in a frequency range of 70-1000 Hz
and the output was termed 'plasma noise', In the lower iono-
Sphere the plasma noise was observed between 85 to 105 xm where-
as 1n upper part it was observed between 142 and 173 km. In

the lower region the fluctuations in the range of 85-92 km were
guessed to be due to tufbulenoe whereas the ones between 92~-105
km were thought to be generated due to combined effect of tur-
bulence and other nonlocalized forces. The fluctuations in the
region of 155-173 km which was around the apogee of the rocket
were thought to be produced by the rocket itself when it is sub-
sonic. The fluctuations in the height region of 142-155 km were
thought of as the genuine ones and produced by non-localized

forces. The nature of observed noise suggested that it could be
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\ The detailed analysis of the evening twilight flight
\Was reporﬁed later by Prakash et al., (1969b). The spectral
index n was obtained using a power law of the type E(k) = Ak
Whére E(k) is the energy contained in the wavenumber k, A is

a constant and n is the spectral index. For the evening
flight the Spectrél index value was e -3.5 at lower heights
(97-106 km) and was =2 -2.0 at about 150 km. This increase in
n is contrary to what would be expected if irregulérities were
produced by neutral turbulence mechanism. Such an increased
o ﬁalue of n was suggestive of some other agency responsible for
the production of the irregularities at higher heights. Below
95 km it was suggested that irregularities are produced by
neutral turbulence mechanism whereas between 97-106 two dif-
ferent spectra (one due to neutral turbulence with n = ~-1.6)
are superposed over each other. The possibility of Farley's
two stream instability @Farley 1963) was ruled oul because the
theory nceds a threshold of electrojet current strength and

the flight under consideration was made duying evening twilight

when electrojet currents are weak. The Reid's theory (Reid

1968) of cross-field instability was also not considered very
seriously as it predicts that for a given value of & field
there is a minimum wavelength which one can observe, For all
reasonable values of electric fields this limit was much higher
than the actual observed scale sizes. It was strongly sugges-

ted that clectric field plays a very important part in

generating the observed irregularitieé.
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o A little later on 29th August 1968 at 2300 Hrs, IST,
\Pfakash et al. (1970) launched another Nike Apache rocket which
'yiglded invaluable information about the ionization irregulari-
ties in the equatorial ionosphere., Two important points were
brought out in that communication; the first oné was about the
shape of the electron density profile which had electron den-
 sities of 10° and 1OLF cr™2 in the height range of 95-120 km.

k and had a deep valley in 120-14%0 km region. The electron den-
'JSity in the valley was of the order of few hundred electrons

*Fpgr C.c. ©Secondly this flight showed the presence of three

_ types of structures.

(1) Large scale structures in the electron density
were obtained in 95-120 km region., The vertical scale sizes
were about a few km whereas the horigzontal extent could be of
the order of 50 km, The electron density in these structures

varied by a factor lying between 4 and 25,

(11) The irregularities of scale sizes lying between
30 and 300 meter could be seen directly on the probe current.

The results of 30-300 irregularities showed that these irre-

gularities were observed only in regions of negative density
gradient (i.e. electron density decreases with increase in hei-
ght). This gave the first experimental observation about the
fact that these irregularities are produced by cross-field
instability mechanism. During nighttime the Hall polarisation
field is acting vertically downwards and hence over Thumba

where magnetic field is in the N-8 direction g negative densitv
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gradient would be needed at night to excite the cross-field
instability mechanism. These scale sizes could be explained
~ in terms of the available theories of cross-field instability

[ Reid (1968) Tsuda et al. (1966,69) | .

(iii) Small scale irregularities in scalesize range

of 1-15 meter were observed to coexist with 30-300 scalesize.

The data of 1~15 meter irregularities was spectrum
analysed in the 95-125 km region by passing the output of
’fplasma noilse amplifier through six band pass filters. These
six outputs represented six different sealesize ranges. By
assuming a power law as mentioned earlier the spectral index
'n' was evaluated. The spectral index value for 1-15 meter
scalesize range were all lying between -2 and -4 (for regions
~between 95 and 120 km). Such small scale sizes, could not be .
explained on the basis of cross-field instability mechanismn,

It was suggested in this paper that even if a separate mecha-
nism were to be involved the cross-field instability mechanism
could still promote or inhibi% the production of irregularities
because the observation of irregularities largely depends upon
the orientation of the electric field and the electron density

gradient,

Prakash et al, (1971a) showed on the basis of four
rocket flights that the irregularities generated due to cross-
field instability mechanism are observed only in-positive

density gradient regions during daytime and in negative density



N

gradient regions during nighttirme. This was due to the rever-
sal of the direction of vertical Hall field. The amplitude of

irregularities in 30-300 meter scale sizes was reported to be

 between 5 and 20%. Whereas the amplitude of 1-15 meter scale

sizes was at best a few percent. An attempt was made to cal-
culate the minimum scale size which can be excited directly by
‘the cross~-field instability, The results showed that in order
to explain the observed amplitudes of scale sizes between 15

~ to 30 meter one would need electric fields which are an order
of magnitude larger than the éstimated fields available at
that time. Based on the Callet's (1955) theory, that neutral
turbulence can produce lonization irregularities in presence
of electron density gradi ents, Prakash et al. (1971b) attemp-
ted to compare the percentage amplitude of irregularities
(obtained during evening and nighttime flights) at E region
heights with the theoretically calculated ones. It was found
that the amplitude of irregularities around 90 km during even-
ing flights was larger than expected from turbulence and elec-
tron density gradients. The amplitudes observed during night-
time flight at 87 km were less than theoretical values indi-
cating that in addition to turbulence there must be some other
mechanism operating below 90 km during evening whereas at
night, turbulence can account for the observed amplitudes

around 90 km. This work has been reviewed by Gupta (1970).

Prakash et al. (1971c) flew two rockets which had

Langmuir probe as well as Proton precession magnetometers on
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board. The flights were conducted during nocwn hour which is -
: supposed to be the time when the electroget currents peak

vThe ulectron density was obtained from Langmuir probe and

the current was obtained from magnetometer data. Using the
relation J = NeV the velocity of streaming electrons was
obtained, It was found that the streaming instabilify which
operates at the peak of clectrojet ( == 105 km) does not need
the threshold on the drift velocity of electrons as required‘
_by‘Farley's two stream theory (Farley, 1963). The spectrum of.
these irregularities was flat. The region of occurrence,
spectrum and scalesize range (1-15 m) suggest that the stream-
ing instabilities observed by Prakash et al. were same as

type I irregularity observed by Balsley (1967).

Later rocket flights from Thumba have provided more
information of the characteristic features of these irregulari-
ties. Based on these observations Prakash et al., (1973) have

classified the irregularities observed by rockets as following:

1. Type L - Large scalesize irregularities
with vertical scalesizes greater
than a few km., Generation mecha-

nism: Unknown.

2. Type Me - Medium scalesize irregularities
with vertical scalesizes of
30-300 meters. Generation .

mechanism: Cross-field instability.



46

3. Type Mn - Mediun scalesize irregularities

with vertical scalesizes of 30~300

meters. Generation mechanism :

Neutral turbulence.

L. Twvpe Mu - Medium scalesize irregularities
with vertical scalesizes between
30 and 300 neters. Generation

mechanism : Unknown

5. Type Sc - Small scalesize irregularities
with vertical scalesizes between
1 and 15 meters. Generation
mechanism: Multi-linear cross-

field instability mechanism.

6. Type Sn - Small scalesize irregularities
with vertical scalesizes between
1 and 15 meters. Generation

mechanism: Neutral turbulence.

7. Type Sg - Small scalesigze irregularities
with vertical scalesizes between
1 and 15 meters. Generation

mechanism: Streaming instability.

8. Type R - Small scalesize irregularities
with vertical scalesizes between
a few cm and one meter. Generation

mechanism : Rocket motion.
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CHAPTHER - IX

GENEBATION’NECHANISNS,OF IRREGUIABITIES

The mechanisms of generation ofvionization irregulari~
ties observed by the author in the D and E-regions of the
lonosphere are the cross-field instability and the neutral
turbulence., The development of some of these theories which

are applicable to the lonospheric case is discussed here.

2.1 Theories of Cross-field Instability

2.7.1 Iinear Theories

The first quantitative theory of the cross-field
instability was proposed by Simon (1963) for the case of
laboratory plasma. Simon considered a slab of weakly ionised
plasma with mutually perpendicular electric and magnetic

fields and found that if the electric field was greater than
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. a;gritical value, in presence of non-uniformities of plasma -
:density, the study state could become unstable, While dis-
cussing the Penning discharge at high pressure Hoh (1963)
showed independently that a weakly ionized plasma column, in

k an axial magnetic field and an inward directed radial electric
field, is unstable to macrOSQOpic perturbations. It was shown
that the instability is caused by the presence of a third
fluid, the neutrals in an ion electron plasma. Hoh came out

with a critical magnetic field which agreed well with the

~ experimental results.

Meeda et al. (1963) and Knox (1964) were the first to
apply the Simon's theory to the case bf ilonosphere, Meeda et
al. while attempting to explain Es*q echoes found that a
threshold of primary electric field, in W-E direction, was
needed. Knox showed that for electrojet region, where crossed
electric and mégnetic fields are present, the perturbations of
electron density can grow when either electron density or
electric field gradients is present. The irregularities were
found to be moving with wide range of velocities. Further
extensions of Simon's theory were done by Morse (1965) who did
two dimensional linear analysis for the cquatorial ionosphere,

and by Tsuda et al, (1966) to explain the temperate lati tude

sporadic-k.

A1l the above mentioned work was limited to the

'bounded case' where the eiectron dehsity and clectric field
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perturbations are assumed to be present only between two fixed
altitudes. In the 'unbounded case' the ambient electron
densiﬁy as well as the perturbations in it vary exponentially
with the height for the same scale height. Reid (1968)
studied the case of such an unbounded plasma assumlng a rea-
listic electron density profile. The salient features of

Reid's theory are the following.

Ohly those wave numbers which were moving towards
wagnetic west, repfesented by k, were considered whereas
the ones parallel to the magnetic field were neglected., The
electric field component parallel to the magnétic field, E11
was also neglecﬁed. The variation of elecctron density was
assumed to be of an exponential form with a scale height, H,
such that

dno
dn

1 1
H - " n

where n is clectron density and h is the altitude.

0]

The time and space dependence of the electron density

perturbation was assumed to be of the following form.

ny (t,%) = ny(x) exp { (g - Kyz) b

n1(x) = n, exp C{ X Coo I \}

where n, is the perturbation in the electron density,

and
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() is the frequency of the perturbation,
kz is the wave number in gz direction (magnetic west),
X 1s the direction pointing towards the vertical, and

I is the magnetic dip angle.

The functional form of the electric fiéld perturba-
tion was same as that of electron density perturbation. The
Space dependénce of the perturbation shows that only field
“aligned irregulariﬁies which form a rippled pattern in east-
west direction are considered, The functional form of thé'per—
turbation agsumed by Simon (1963) and Tsuda ct. al. (1966) was a
Simusoidal of half wave length with amplitude vanishing at
X =0 and X = L. The spatial averages of electron density
and electric field were taken over the distance L in the
further analysis, Reid pointed out that these could be true.
only for the bounded case and were certainly not applicable
to the system iike ionosphere, and came out with the above
mentioned exponential dependence. The analvsis of Reid show-
ed that in the presence of a certain eritical electric field,
the ionospheric E-region could be unstable to the growth of
electron density perturbations of sizés ranging from a few
tens of mcteré to a few kilometers. The electric fields supQ
porting the large scale irregularities are conducted upto
high latitude F-region helghts along the highly conducting mag-
netic field lines and there they produce swall scale irregula-
rities in presence of den81ty gradients. Cunnold (1969) exten-

ded Reid's work by including the effects of finite koqg. It was
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found that the effect of inclusion of k11"is to reduce the

~growth rate and accelerate the loss rate due to diffusion.

The theories of cross=field instability got a momen-.
tum with the work of Rogister and D'Angelo (1970). It was
pointed out by them that the neglect of ion inertia,,bj,:[
previous workers, was not justified as it leads to dissipative
effects, They developed the theory for 95 km and 110 kn
regions, separately because the collision frequencies and
other scaling factors are quite different in both these alti-
tude regions., Although they did not write the Vlasov equatioh
and considered only the fluid picture for both electrons and
ions, the results of Farley-Buneman instability were recover-
ed, The effects of ionization and recombination were neglec-
ted because the time constants associated with these prOéégses\”
were of the order of minutes whereas the period of the anes
considered was of the order of milliseconds. The ionosPheré
was assumed to be stratified both in east-west as well as
north-south direction. It was further assumed that the pre-
sence of waves did not modify the magnetic field itself i.e.
the perturbation were electrostatic’in nature. k11 was assumed
to be much smaller than k; . All the perturbed variables were
expanded as a power series in terms of a small parameter ¢ ;
which was the smallest parameter of the entire systém. The

density perturbation STL was given by

- . (,) . (),) ) (.))
&ﬂ, = &n + RO AN Y G PR | B
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The time dependence of these perturbations is given by

—~m , )
. / / ~ 7 = . M
“n ’ 4 /o
where () is the frequency of the perturbation and is in turn
represented by : i
() {z) R {b) |
W o= W+ e v e W ow

The space dependence of the perturbation was described by

w.K.B, approximation as follows:

g'n ()(> - g"r\ (G)(> -l'ix'/?)% l,_(l,é_i...) Zf

where éan represents the average value.

Using these generalized dependences Rogister & D'Angelo
(1970) derived the expressions for the growth rate for lower
as well as the upper region. The expression for the growth rate
in the upper region was similar to that of lower region exce@t
that it had an additional term which represented the effect of
shear of electron flow. The growth rate for the lower region

is given by

4 — ‘ (ﬁ) . 2 P (.2- )
O R Ve o ke LM e (W = kecs )
) (-2 T aiKE Nodehy (1 - ey )
e dbi et

The first term on the R.H.S. is the manifestation of the cross-
field instability and has to be positive for the growth of
perturbation, This term can be positive when either, both

- g I 2Ny

K.Vgp and -— = are positive or, are negative. The

first condition is satisfied during daytime when electron
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flow-(fiﬁ;o)~is towards west and the gradients are positi?e
(electron density increasing with altitude) whereas the
second condition isvsatisfied during night time. Rogister
and D'Angelo (1970) clearly demonstrated that the cross-field
instability would occur for the situation prevailing in equa-
torial electrojet and further attributed the cause of ﬁhe
type II backscatter echoes to the irregularities generated

through this mechanism.

The second term is the manifestation of Farley-Buneman
instability. As {i; was assumed to be negative, a positive
cntribution to the growth rate from this term is possible

when

L - 5 - 5 f Ve V, ‘ -
(N L P - o L .
W = ke Coov KiVee 2 (' I > K Gs

This indicates the necessity of a threshold of electron drift

velocity for excitation of two stream instability. This insta=~

bility is generally believed to be responsible for the generatior

of irregularities that cause type I radar echoes in the equa-

torial electrojet (Farley 1963). The role of linear cross~ficld

instability in generation of irregularities in the equatorial

electrojet has also been discussed by Whitehead (1971).

We note here thatmone of the above mentioned theories
could explain the generation of 3-meter irregularities asso-
clated with type IT echoes observed when electron drift

velocity, Vd is smaller than the ionéacoustic velocity'CS.



Sk

The two stream instability occurs when Vd >;CS and, ﬁherefore7
cannot account for the type II echoes. On the other hahd,
cross-field instability favours the generation of large
scalesizes and, therefore, cannot excite 3-meter irregularia'_
ties directly (Farley and Balsley, 1973). The smallest scale-
size that can be generated by cross~-field by Cross ~Ifield’
instability is given by Sudan et al (1973) as ;\C"Xl ﬁ%i.

Thﬁs the radar signals at 3-meter cannot be explained when two-
Stream‘threshold is not réached. To resolve this difficuity
Sudan et al (1973) have proposed a two step mechanism for the
generation of small scale irregularities, which we describe

—

below.

2.7.2 Non~linear Theories

The theory of Sudan et al. (1973) is a multilinear
theory in which small scalesizes are generated on the tdp of
large Scalesizes due to second stage'two;stream and cross-

field instabilities., 1In the first step, long wave lengths
are génerated through the linear cross~field instability
mechanism. It dis shown that these irregularities doknot
steepen appreciably because even though they are non-disper-
sive waves, the phase velocity of these waves does not signi~
ficantly depend on local parameters such as density or‘temper\
rature. Since the wéves do not steepen in the direction of
propagation they attain large amplitudes. The existence of

such large amplitude long wavelengths was experimentally
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_observed by Prakash ct al. (1973). The large amplitudes
attained by these waves are of the order of a few pefAcent
and, therefore, the associated gradients and the vertical
drifts because of local wave electric fields could be much
larger than the original vertical gradients and the westward
drifts. These gradients and drifts are reSpon51b1e for small\V
scale perturbations propagating vertically upwards. The
quantitative estimates for the generation of smali scalesizes‘
éhow that the minimum scalesize that can be generated by ﬁhié:
mechanism is given by Xz where,

/X;.Q; g o1 Vd"3/LF meters

where A 1is the percentage amplitude of the large scalesize
irregularity. For a drift velocity of 100 meters/sec and‘gf[‘\
percentage amplitude of 4% (A = 0.04) one finds the minimum o

A, to be about 6 to 7 meters.

Several theories have been advanced in the past'for
the non-linear evolution of the cross-field instability. For
the saturation of the instability, these theories consider
effects like quasilinear flattening of the density gradient
and mode coupling to linearly stable higher wave numbers.

Thus in a non-linear theory presented by Rogister (1972) for
one dimensional cross-field instability, the energy is trans-
ferred by mode coupling from large to small wavelengths, where
it is absrrbed by linear diffusion:damping. This theory

predicts a suprathermal fluctuation level for a range of
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”1inear1y stable wavelengths and further the amplitude of the
‘density fluctuations is found to be 7y 20% of the background

density for the modes with maximum linear growth rate.

For the case of laboratory plasmas Kim and Simon (1969)
have developed a quési—linear theory in which the instability
is quenched by guasi-linear reduction of externally applied
electric field. For the case of reflex arc plasmas Hooper (1970:
has shown that a quasi-linear flattening of the density gradie-

- nt would shut off the cross-field instability.

Sato (1971, 7%, 76) has shown that for electrojet situa-
tion, quasi-linear shielding of both electric field as well as
the density gradient would contribute_to the saturation of the
instability in a weakly unstable situation., Sato (1971) haslb
also shown that for a strongly unstable system mode-coupling
effects become important and the final situation is quite tur-
bulent in which smaller scalesizes are generated by large scale-
sizes in a kind of cascading down the energy from small k's to
large k's. In the latter case it was found that turbulent spec-
trum approaches K—B. In this work Sato (1971) has shown that a
critical electric field EC1 exists in the system such that if
the applied external electric field EX<1 Ec19 then gquasi-linear
effects saturate the instability whereas if Ex o EC1 the

turbulent situation arises.

Sato and his coworkers have .also carried out numeri-

cal investigations for the non-linear cross-field instability.
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 Sato and Tsuda (1967), Tsuda and Sato (1968) and Sato et al.

- (1972) performed numerical analySis of the instability in one
vvdimensional model and in general found that when EX < EC1
then the evolved waveform has a sawtooth shape and for

EX<i E‘31 the system becomes strongly turbulent. Tater on

Sato and Tsuda (1968) and Tsuda et al, (1969) extended the
analysis to two dimensional model. Thése computations shoﬁed
that the important quenching mechanism was cancellation of the 
external electric field for smaller EX. The mode coupling
effects leading to this turbulent situation were found to be
important again for the high values of EX such that EX > Ecq‘
Ogawa (1972) has further shown through his numerical commta-
tions for two;dimensionai case, that the density flattening is
also a competing saturation mechanism for the nonlinear evolﬁ-

tion of cross-field instability.

Recently, McDonald et al. (1974, 75) have performed a
two-dimensional numerlcal solution of the basic fluid equatlons
believed to describe the equatorial electrojet situation. 1In ;
their computer sinulation experiment, it is found that long
wavelength horizontally propagating gradient drift instabi-
lities excite short wavelength vertically propagating instabi-
litics and the final state is highly turbulent two dimensional
state which supports the two step theory of Sudan et al. (1973) .
It is further found that the density fluctuations' power

spectra for short wavelength irregularities go as kK -3.5
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In an attempt to explain some of the rocket observa-
tions of Prakash et al. (1973), a two dimensional non-linear
theory of cross-field instability was advanced by Rognlien and-
Weinstock (1974)., It is shown by these workers that the non-
linear term 7, VIl in the electron continuity equation is the
most dominant non-lincarity for the case of two dimensional
perturbations. This is in contrast to earlier theories in
which only one dimensional case was considered and wherein this
ﬁon—linearity almost vanishes, Thus in a resalistic calculag-
tion two dimensional perturbations should be considered as done
by’Rognlien and Weinstock (1974). This calculation shows that
the linearly unstable mode generatecs a non-propagating mode in
the vertical direction which is damped in the linear analysis.
This serves to act as a saturation mechanism for the 1ineaf
cross-field instability mechanism and these authors have cal-
culated saturated amplitudes and spectra of density and electric
field fluctuations in the resulting time steady situation. An
agreement between the calculated shapes and spectra for the
irregularitices with our rocket obscrvations has been claimed by
thesc authors. The form of perturbation considered by Rognlien

and Weinstock (1974) is

5= ¢ Ri i exp ! i(kyr - wt)] Cos k oox
: O o et

which is cquivalent to superposition of two planc waves pro-
pagating at equal but opposite angles to the y-axis i.e. the

magnetic east. It has been shown by thesec authors that for such
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"a perturbation the non-linear term \?@1. V:7 (ny/n,) is the
~most dorinant non-lincarity. For a case of singlekplane wave
this term is vanishingly small because the two vectors are
nearly perpendicular to each other. To illustrate the basic
saturation process of this ihstability they consider inter~
action of only two modes. Density perturbation of the above
mentioned form is assumed to be excited to a small level with
an amplitude of A1’1(y) and this mode can be written as

following

5{5
—

( > = A,] 1 Sin (]&yr y - l-t)t) Cos kX X
© 19,1 ’
7

The non-linear interaction of this mode with itself as mani-

s

fested by the term 'W¥i_. ‘;7 (n;/n ) in the electron conti-
nuity equation produces a second mode. This becomes evident

- when the nonlinear term is written down,

, — . Vi (O Ry Ry > oA
wéi,\/(n,/n()) - ;m {;j’ Y A\j, Sin 2Ry X

This non~linearity generates a new mode which is given by

( n1 )
n
© 2,0

The subscript 2,0 indicates that this mode varies as second

11

Sin 2 k X

A5 0 x

harmonic of kX in x direction (magnetic North) and as zeroth
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. harmonic in the y dircction (magnetic cast) or time. This

mode docs not propagate and the density structures have varia-

tions only in x direction., This wmode is damped in the linear

analysis. The A2 0 mode can couple with the A1f1'mode through
? ?

\%”,. Y;/ (n,/n,) term.to produce a non-lincar flux of elec-
trons that will stabilize A, , mode, Thus one finds that the
9

stabilization mechanism in this theory is a wave enhanced flux

or diffusion of electrons.

Following such an approach the saturated amplitudeé
of both the modes can be calculated. A rather surprising dis-
covery of this analysis was that during the saturétion process
the 1inearly damped mode in the saturated steady state has a
larger density amplitude than the linearly unstable mode. How-
ever, the electric field amplitude for the lincarly damped
mode remains smaller than the linearly unstable mode in the

saturated steady state.

In order to determine the effect of cascading of
energy from small wave numbers to high wave numbers many modes
were considered in the analysis by these authors. The result-
ing coupled non-linear equations thus obtained were then
numerically solved and the resulting shapes and spectra of

the large scalelength modes were compubted.

The above analysis pertains to only nighttime situation.
The extension of the analysis for the daytime conditions was

done later on (Rognlien and Weinstock, 1975). The daytime
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 situation in the equatorial electrojet is distinguished from

that of nighttime by two factors. First the zero order .
density gradients are weaker during daytime and the second,
owing to the large background density during daytime dissccila-
tive recombination becomes dominant linear wave dampihg mecha=-
nism rather than the ampipolar diffusion. It is found that
irregularities attain large amplitudes -~ 10% and are found

to break up into smaller dominant scalesizes in the horizontal
westward direction than in the vertical direction. The density
waveform in the horizontal direction shows a pronounced steep-
ening in a direction opposite to zero order density gradient
whereas in the horizontal direction no tendency towards wave
steepenimg is observed in their calculations. The spectra
and shape of the resulting modes were compared with the rocket
observations. The observed saw tooth structure in the Vértif
cal direction was reproduced in this analysis. A detailed
discussion of this theory in light of our results shall be

given in chapter VI.

2.2 Neutral Turbulence

2.2.1 General Nature of the Turbulence

Another cause of generation of plasma irregularities
is the neutral turbulence. In the following, an attempt
would be made to discuss some basic properties of turbulence

and the conditions under which turbulence can generate ionisatio:
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irregularities. Some of the experimental obsecrvations which

support the existence of turbulence would also be discussed.

Turbulence is a condition of fluid motion in which
 properties of the fluid, such as the heat content, water
vapour content etc. are diffused at a rate large ddmpafed
with the rate of diffusion by molecular motions. A fluid is
said to be turbulent if (a) each component of thé vorticity
is distributed irregularly and aperiodically in time and
‘space, if (b) the flow is characterized by transfer of ener-
gy frém larger to smaller eddies and if (c¢) the mean separa-
tion of neighbouring fluid particles tends to increasec with
time. The term eddy denotes the volume of the fluid which
moves more or less coherently with respect to the mean flow.
The eddy motion need not be and usually is not of a ro@ating
character. The term eddy is often replaced by a more fémiliar
expressign 'Scale of mdtion'. Any turbulent region contéins
cddies of varying sizes. The size of largest eddy is compa-
rable to the boundaries which enclose the turbulent rcgion
whereas the size of smallest eddies would be decided by the
point at which the turbulent structﬁres are damped due to
viscous forces. The size of smallest eddy is known as

'Kolmogorov microscale'! and is given by

AL
’ %
//\'\ = -—-—*k > ‘
K e

where k is the kinematic viscosity and e 1s the rate at

which energy is fed to large eddies (Batchelor 1956). The
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energy is fed to larger eddies through wind shears. These
larger eddies produce smaller and smaller eddies through
momentum transfer processes. The damping due to viscosity
is small for larger cddies and goes on becoming important
for smaller eddies. The limit beyond which viscous damping
becomes very erhanccd is related to the mean free path of

neutral particles. *

Thus there is a range of scale sizes extending from
very large eddies, which contain energy, down to smallest
eddies which can remain turbulent. If one considers that
large eddics are the structures much larger than Kolmogorov
microscale then there exists a wave number range from Kk,
(corresponding to large eddies) to ki (corresponding to
Kolmogorov microscale), This range is known as 'Inert;g}

subrange'. Wave numbers smaller than ko fall in cnergy

containing subrange whereas the wavenumbers higher than kk
fall in the viscous dissipation subrange. In the energy con-
taining subrange it is not very clear so as how the energy 1s
transferred from shearing forces. In the inertial subrange
the encrgy transfer processes are independent of energy con-
tained in the very large eddies and the viscous damping. In
the inertial subrange the energy transfer depends only on the
parameter e namely, the rate at which the encrgy is fed into

very large eddies.

On the basis of dimensional analysis it has been shown

- . P 3 " - - - s MY Il L D T Rt TR . L
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the inertial subrange can be expressed as following

(Kolmogorov 1947 and Batchelor 1956)

B(k) = A o3 x/3

where E(k) dis the energy contained in the wave number.\k_'
and  1is a constant of proportionality and is usually ﬁakeh
as unity. The spectral index is - 5/3 in the inertial sub-
range. At wave numbers larger than kk i.e. scalesizes smal
ler than Kolmogorov's microscale the energy E(k) drops of
much rapidly than in inertial subrange because viscous damp—
ing goes on increasing with higher k. The spectrum in the
viscous dissipation range must, therefore, be steeper than

that in the dnertial subrange.

The turbulence can be generated when either the_amoﬁn
of energy fed into largef eddies is large or when the amount
of energy extracted by viscous damping is very small. When
the effect of wind shears is large in dumping energy to lar-
ger eddies one can use Richardsonfs criterion for knowing
whether turbulecnce would occur or not. In cases where viscow
damping 1is toQ small one can use Raynold's criterioﬁ to know

the same,
Richardson's Criterion

If iﬁq denotes the angular frequency of oscillation
of an adiabatically displaced fluid element and if ()¢ represel

the vertical gradient of the horisontal wind, these quantities



64

the inertial subrange can be expressed as following

(Kolmogorov 1941 and Batchelor 1956)

E(k) 02/3 k"'5/3

where E(k) i1s the energy contained in the wave number Xk
and U{ is a constant of proportionality and is usually taken
as unity. The spectral index is -~ 5/3 in the inertial sub-
range. At wave numbers larger than kk i.e. scalesizes smal-
~ler than Kolmogorov's microscale the energy E(k) drops of
much rapidly than in inertial subrange because viscous damp-
ing goes on increasing with higher k. The spectrum in the
viscous dissipation range must, therefore, be steeper than

that in the inertial subrange.

The turbulence can be generated when either the amount
of energy fed into larger eddies is large or when the amount
of energy extracted by viscous damping is very small. When
the effect of wind shears is large in dumping energy to lar-
ger eddies one can use Richardson's criterion for knowing
whether turbulence would occur or not. In cases where viscous
damping is toQ small one can use Raynold's criterioh to know

the same,
Richardson's Criterion

If fﬁq denotes the angular frequency of oscillation
of an adiabatically displaced fluid element and if (»). represents

the vertical gradient of the horisontal wind, these quantities
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can be represented mathematically as followings
ENES
LA\C = .fi — +
aﬁd

where g 1is the acceleration due to gravity,
T dis the temperature

V,, horizontal wind speed

7 is the displacement in the vertical direction and

Cp is the specific heat at constant pressure.

The Richardson number Ri is defined as the square of the
ratio of (g and Ws
2
Y~
U)%
\ Ws

Richardson's criterion tells that a
against the onset of the turbulence
certain critical value, Ric. Therc

for Ric from different workers such

Ric 1 (Richardson

It

1/12 (Townscend)

1l

1

medium is locally stable
as long as Ri excecds a
are many numbers suggested

as

and Prandt)

1/25 (David Layzer)



If Ri 2 Ric medium would be turbulent otherwise it would

rbe stable.
Reynold!s Criterion

This criterion was obtained by;OSborn@'Reynold on the
basis of his experiments on imcompressible viscous fluids.
According to this criterion for incompressible fluids, if a
dimensionless quantity‘Re (known as Reynolds number) exceeds
a critical value the turbulence would be observed. The
Reynolds number is given by

LV

R = ==
e )/

where L is the typical scale length of the system; in casé
of a bounded system L is the diameter of the pipe in which
the fluid flows,whereas in unbounded system,iﬁ is the scalé
height, V is the mean velocity of the fluids and )/  is ﬁhe

kinematic viscosity.

The Reynolds number is in essence the ratio of inertial terms

to the viscous terms in the Bulerian equations of fluid motio
2.2.2 Regions of Turbulence in the Ionosphere

Regarding the existence of turbulence in the atmo-
sphere it was theoretically predicted by de Jager (1952) and
Steward (1959) that beyond 100 km altitude there should be

no turbulence. In accordance with the theoretical prediction



the existence of neutral turbulence in the atmosphere upto
about 100 km height has been confirmed experimentally by
many workers (Greenhow and Neufeld, 1959, Blamont and de
Jager 1962). Some of the ionospheric phenoucna such as
D-region scatter propagation have becn explained on the

basis of neutral turbulence.

If the electron-neutral and ion-neutral collision
frequencies are greater than their respective gyrofrequencies
the movement of neutral can be transmitted to the electrons,
because the effecct of maghetic field becomes unimportant and
collisions play the major role. In the ionosphere as far as
the ions arc concerned the ion-neutral collision frequency is
much higher than ion-gyrofrequency. But in case of electrons
it can be seen from the collision frequency values obtained
by Thrane and Piggott (1966)‘that upto about 79 km the
electron-neutral collision frequency is greater than el@ctrén
gyrofrequency. Thus in the region below 75 km or so the
collisional effects dominate oﬁcr magnetic fileld effects both
for‘electrons and ions. It has been shown by Villars and
Weisskopf (195%) that neutral turbulence can produce fluctua-
tions in the electron density in the 80-90 km region. There
are cssentially two mechanisms which produce fluctuations in
the electron density. The first one is due to fluctuations
in the density of the carrier medium i,ec. the neutrals. The
second one is due to turbulent mixing which implies inhomo-
genecous average electron density, i.e. the presence of electr

density gradient.
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2.2.3' KBlcctron Density Fluctuations Due to Fluctuations

in the Neutral Density

I'or an eddy of scalesize L one can define an asso-
ciated eddy velocityifﬂgh as a fluctuation that extends over
a distance L, If<{l*} is defined as velocity averaged over
a spatial region of size Ig the perturbed velocity can be

defined as
D) 9

. \ /// ‘ =~ \'A,.
(/f\‘ LE}L > L < ( \,9 — < L,' AL )

-

\:-.
/L_ (1)

Y

5

where V7 is the magnitude of velocity change over a distances
of L., Similarly the perturbed pressure, due to perturbation
in velocity, can be defincd aSZBFL.‘ The generation of
pressure fluctuations due to velocity fluctuations is given

by Bernouilli theorem.
1 7 2‘ -
P+ F LY = constant (2)
where [  is the density

from equation (2) it can be easily seen that

2,
AFL,’ - ﬁ'(ﬁsl&;_.,) | (3)

since the gas has to satisfy the equation of state, in

presence of density fluctuations egn. (3) will become

AfL = Y Lap o P AU, B

P ¥ m
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' ey
where Y/ is the adiabatic exponent and .f%w 1s the mean

square velocity.
If one writes the perturbed velocity in terms of initial

power supply, So, the following expressicon is obtained

| /
) v (5)

AN (%‘I‘J

By eliminating AVy from equations (4) and (5) one gets

. ] 4—/ 4/
Ay = (%) vl
\AFL) = {5 T (6)

If the scalesize of the eddy is greater than Kolmogrov micro-
scale the density fluctuations are so rapid that there is no
substantial electron diffusion. These fluctuations would

then be transmitted to electron density N which will have

a fluctuation &N given by

. N )
KN = = &F (7)
f’ ,
Substituting the value of N in equation (6) one gets
‘ L/3 L/3
2 2 S0 L
AN = N (,;@——) ok (8)
‘ / Vi

2.2.4+ Blectron Density Fluctuations Due to Turbulent

Mixing

This particular mode considered by Villars and
Weisskopf (1955) is more applicable for present studies as

in this case an average electron density gradient has been
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assumed., In earlier case the density was agsumed to be homo—
geneous one, If the medium is collisional and eddies of scale
length L are present the fluctuations in the electron density
would be produced and would be given by

AN (g‘l\l ) L

\ d }—‘-' ;

The fluctuations in the electron density would be produced
only if‘the life time of the eddy is much shorter than the
time scales of the phenomena which tend to change the densiﬁy.
Some of these phenomena are recombination and attachment of
electrons. But as the fluctuations are produced the effect
of turbulence would be to smear out the gradients in electron
density. In the inertial subrange the amplitude of fluctua-
tions depends only on the density gradient and not on the

intensity of excitation of turbulence.

Gallet (1955) has shown that in presence of electron
density gradient, turbulence can give rise to fluctuations
in electron density. He suggested that in presence of elect-
ron density gradient an upward moving air blob would carry
electrons with it thus causing enbancement in the higher
density region and a depletion in low density region, Thus
the fluctuations in electron density are created. DBut since
these fluctuations were an order of magnitude less fhan experi-
mentally observed values, Gallet (1995) suggested an amplifi-

cation mechanism for the fluctuations in neutral density. In
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collision dominated regime these amplified neutral density
fluctuations would be transmitted to eclectron dénsity
fluctuations. The amplification mechanism suggested by
Gallet (1955) was the following. In presence of a positive
background temperature gradient an air blob if displaced up-
wards loses energy adiabatically and its temperature decree~
ases. As the air blob rises its potential energy increascs
and the kinetic energy decreases with the result that the
temperature decreases. This results in temperature fluctua-
tions and consequently in the neutral density fluctuations.
Thus the large neutral density fluctuations are passed on to

the electron density which then exhibits enhanced fluctuations.

Dungey (4959) has shown that in presence of a magnetic
field a shear flow in neutral air can generate the ifregular%5~
tics in the electron density. He had used equations of motion
for each constituent of the gas. As suggested by Dungey the
neutral air tries to carry the ionized gas with its motion but
the magnetic field resists the motion of the ionized gas across
the Iines of force. In presence of scolenoidal velocity of

neutrals he shows that irrcgularities can be generated,

Thus the existence of turbulence in D-region was theo-
retically predicted and was confirmed experimentally also. It
has also been shown that the fluctuations in neutral density
can be transmitted to celectron densities when the collisional

effects dominate over the magnetic field effects.
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CHAPTER - III

LANGMUIR PROBE, TINSTRUMENTATION AND DATA ANALYSIS

3.1 Basic Principle of Langnuir Probe Technigque

The basic principle of the Langmuir probe technique
which was cnunciated by Mottsmith and Langrmuir (1926), is
to measure the current, which an electrode draws from the
plasma, as a function of the electrode potential. In case
éf Langmuir probes flown on rockets the sensor potential is
measured with reference to the rocket body potential. Dif-
ferent domains of the current voltage charactceristics can be
used to study different parameters, viz, electron density,
ion density and electron temperature. Therefore, the vol-
tage applied to the sensor depends on the parameter one wants

to study.
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3.71.1 Behaviour of Probe at Different Potentials

If a metallic probe whose size is small compared to
the mean free path of electrons is inserted into plasma and.
the current drawn by the probe is plotted against the voltage
applied to the probe thé resulting curve is known as Langmuir
probc charactecristics. The current reaches a saturation
value Jy at sufficiently large negative potential V-' With
increasing V high energy electrons also start collecting with
the result thét net ion current gets reduced. On furthef
increasing the potential of the probe a value Vf is rcached
where the net current to the probe is zcro. Vf is known as
'floating potential'! because it is the potential which the
probe would assume if allowed to float in the plasma. Further
increase in the probe potential leads to rapid rise in elec=
tronic current until a wvalue VS is reached, VS is known as
'Space Potential' at the location of the prcbe., Beyond Vs
the increase in the current is much slower and therc is negli-
gibly small collccticn of positive ions owing to their small
energy spread and the repulsive potential of the probe towards

themn.
Probe in Strongly Retarded Regime

In this regime only positive ions are collected and
the region is known as ion saturation region. In the vicinity
of the probe only positive ions contribute to the space charge

and the potential is a steep function of position, this region
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is called as 'plasma sheath'. At larger distances from the
probe both electrons and positive ions contribute to the space
charge with the result that at large distances electric fields
are small. The thickness of plasma sheath depends on the
electron density, electron temperature, probe voltage and the
size of the probe. A rough idea of sheath can be had from the

basic plasma parameter, the Debye shielding distance ,\D which

is given bys
. = K Te
\ 1\ \l 4 .ﬂ— ),( ¢ € e

Ne T\:_'

v M (5

Ve

C.G.5, Unit

—

.~

o
3

where K is the Boltzman's constant, Te 1s the electron tempe~

rature, e is the electron density and e is the electronic

charge,
Probe in Slightly Retarded Potential Regime

At small negative voltages the probe currént is made
up of two parts; first one is space charge limited positive
ion current and the second one is the current due to electrons
which overcome the repelling field of the probe. The electron

current density J din this regime is given by

Jo= o ex ( E%%_ >

where V is the retarding potential and j, is the electron
random current density. If one plots log j versus V the

resultihg curve would be straight line with a slope of -E%g .



From this slope electron temperature can be determined,

This is known as 'd.c, technique! of temperature determina-
tion. The semilog plot would yield a straight iine only if
the electrons have Maxwellian distribution of energy. If the
energy distribution is non-Maxwellian still the current vol-
tage curve may be analysed. Druyvesteyn (1930) gave the ’
expression of electron energy distribution function E(Ve) by
using the second derivative QEJ . F(Ve) expressed ih terms

qve
of electron energy in volts, is given by

_ - 5.
CR Ty
e d

where m dis the mass of the electron.

The second derivative QE% can be determined by using a variety
of methods which inclugz a simple one given by Takayama et al.,
(1960), wherein a small a.c. signal is superimposed on the
sweep voltage. If 1p 1s the current into the probe at a
given retarding potential Vo then the addition of an a.c., sig-

nal V Cos(s t (where iV } < )Vof‘) increases the current

from i¢ to a new value i given by
i = 1ig Jo (ieV/kTe)

where Jo(ieV/kTe) is the zeroth order Bessel function for a
pure imaginéry argument. A measurement of the ratioc of the
current with and without a.c. signal yields the value of
Jo(ieV/KkTe) and since V is known, the temperature can be

found out. The frequency of the a.c. signal may be in the



76

audio or radio frequency range but in any case should be no
greater than 10% of the plasma frequency in order to avoid

resonance effects.
Probe at Plasma Potential

At the plasma potential the éurrent collected by tﬁe
probe is eptirely due to thermal motion of charged‘parﬁicles.
Since the average electron velocity is much larger than the
average ion velocity, the probe current can be considered
entirely due to electrons. According to the kinetic'theory
the average number of particles colliding against a unit area
of surface exposed to a gas in unit time is Eﬁji « Therefore,

the probe current at plasma potential is given by

Dy v

J:JOA = T—oqu

where A 1is the surface area of the probe, J, is the electron

random current density and ¥ is the average clectron velocity.
Probe in Accelerating Potential Regime

In this regime positive ions are repelled and electrons
- are attracted towards the probe. REven a small positive volﬁa—
ge is sufficient to make the positive ion component of the
probe current negligible as compared to the electron component.
In this regime determination of electron current is complicated
by consideration of both the size and the shape of the probe.

The size of the probe should be smaller than the mean free path
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of electrons otherwise the probe would collect more electron
than what can be made up by diffusion thereby causing deple-

tion around the probe.

For writing down the expressions for current the usual
way 1s to write down the Poisson's equation and solve it.
Mottemith and Langmuir (1926) have obtained such expressions
for spherical, planar and cylindrical geometries. Following
are the exact expression for the probes whose dimensions are
either very large or very small as compared to the Debye

shielding distance.

' - . eV
For Small Sphere io= Jo C1 + 775 )

For lLarge Plane 7= Jo

Large compared to the thickness of the plane and the sheath.
Here the probe current is determined by the surface area of

the probe and plasma parameters.

For Long Thin Cylinder - Length ;,:; radius
( e e
| 2 eV eV \ eV
=13 o " —7—'—""" —_— + eXp { } P %
T\ KTe \ kTe / \ kle )

where p\/kTe is an error function.

There have been many developments in the theory of Langmuir
probe in different regions by a number of workers ('Schulz
and Brown (1959), Allen et al. (1957), Su and Lam (1963),

Cicerone and Bowhill (1967). Cohen (1963) and Wesserstrom et al
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\
(1965) )E As the author has used the Langmulr probe for iono-
spheric study it would be relevant to mention different ver-

sions of Langmuir probes used for such study.

3,1.2 Different Versions of Langmuir Probe Used by Various

Workers

The first attempt to use Langmuir probe technique for
jonospheric study was made by Hok et al. (1953) at the Univer-
sity of Michigan, U.S.A. Although the results obtained by i
Hok et al. were not very promising the potential of Langmuir
probe as a dilagnostic technique was immediately realised.
Spencer et al, (1962) used a bipolar probe which consists
of two symmetrical spherical probes between which a fixed or
variable voltage is applied. Later Spencer et al, (1962) used
cylindrical geometries also. McNamara (1965) used the Langmuir
probe with planar and spherical electrodes. Meshed spherical
probes wherein the effect of photoelectrons is reduced were
used by Aono et al. (1963)., In order to guantitatively esti~-
mate the contribution by electronic current many workers have
introduced an additional grid between the probe and the ambient
plasma; this enables one to measure ilon current separately
which can be subtracted to arrive at the electron energy dis-

tribution.

The Langmuir probe system, a modified version of which
the author has used, was originally-conceived of by L.G, Swith

of Geophysical Corporation of Amerilca who’got the ingenius idea
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of using the part of the nose tipkitself as the sensor. A
‘conical shaped sensor which fits in at the nose tip was used
by him (Smith 1967) in earlier flights. It was observed that
the probe current exhibits marked aspect dependence. Later,
Smith (1969) found that if one used an ogive shaped electrode
the aspect dependence is almost renoved. A Langmuir probe
system which was functionally similar to the one used by Smith
was developed at the Physical Research Laboratory, Ahmedabad,
India, by Prakash and Subbaraya (1967). This system has many
advantages over the system used by Smith (1967). Different
versions of Langmuir probe systems developed by Prakash and
Subbaraya (1967) were used on many ocCasions’and some of these
were discussed by Gupta (1970). The author has used the above
system with necessary modifications and improvements. The
advantages of the present system over the Smith'é system are

following:

(1) Since it operates on a single battery and since
the senéor is directly connected to the input of the amplifier
the leakage cwrents are brought down to an irreducible

minimum.

(ii) The guard electrode can be fed without addi-
tional electronics. The point B in fig. 3.2 follows closely
the sensor potential and can be directly connected to the

guard.
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(1i1) As in the present system internal leakages and
capacitancé leakages are reduced to irreducible minimum the
system has many practical advantages. The frequency response of
the system is limited by the frequency response of the electro-
meter amplifier if the sensor is directly connected to the ampli
fier. Sincc clectrometer amplifier with frequency response from
0 to 10 KHz can be madc the system can be used to study audio

frequency fluctustions in the ambient ionized medium.

In this system probé electronics can be located any-
where within the nosecone of the rocket and a cable used to
connect the sensor to the amplifier. When the sensor is con-
nected through a cable the effective distributed capacity in
the cable is reduced to c¢/g where c¢ is cable capacity and

g 1s the gain of the amplifier.

(iv)  As thorough testing of the probe electronics
is required just before the launch all the test points are
brought out of the rocket through a main connector called
umbilical connector. Any lead connected to the sensor cannot
be brought to the connector since it will not only produce
leakage but also act as an additional sensor during the
flight and affect the sensor current in a complicated manner.
Therefore ih any ordinary Langmuir probe system no test point
is brought out from the sweep generator and it is not possible
to ensure a completely satisfactory performance of the clec-

tronics before launching. In the present system the reference
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point which follows the sensor potential can be brought out
and hence the performance of the sweep electronics can be

~ checked prior to launching.

3.17.3 Region of the Applicability of Rocket Borne

Langmuir Probe

As far as the measurements of absolute value of
electron density and temperature are concerned the Langmulr
probe can be used safely between 85 to 1000 km. The lower
limit of 85 km is set because below 85 km the electron mean
free path is much smaller as compared to the Debye shielding
distance and also because below 85 km negative ions are present
in significant number with their densities comparable to that
of electrons (Sagalyn and Smiddy, 1964). The upper limit of
1000 km is due to photoelectric effect. Due to unattenuated
solar radiation the photoelectric yield of a metal such as
tungsten is about L nA/cm2 (Hinteregger et al, 1959 and
Bourdeau et al, 1961)., So long as this photoelectric current
remains as a perturbation over the electronic current drawn
from the plasma the probe can be used safely, In the iono-
sphere at about 1000 km the electron fandom current density
equals the photoelectric current due unattenuated solar radia-
tion., Hence for the absolute measurcments the probe should

be use d between 85 and 1000 km.
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3.1.4 Sensor of the Langmuilr Probe

Langmuir probe sensors of many different shapes such
as planar, spherical cylindrical etc. have been used by
various workers. But the most suitable shape for rocket
borne probe, as suggested by Smith (1967), is an ogive shape.
In this particular shape the vehicle aspect effects are remo-
ved to a very large extent. This is due to the féct that an
ogive shaped sensor offers same area of Cross—sectidn if view-
ed from any direction and henée the collection does not depend

on the aspect of the vehicle.

For the present studies we have adopted the use of
ogive shape sensor. The sensor shown in fig. 3.1 is made of
stainless steel. The maﬁerial of the probe was so chosen that
it can stand the heating caused due to aerodynamic effects.

The guard is made of stainless steel of about 1/8" thickness.
The job of the guard is to electrically dinsulate the stainless
steel electrodes from the rest of the system. The use of

guard electrode rendersithe‘electric field near the sensor
normal to its surface, eliminates end effects and enhances the
value of the insulator. However, in the present case the guard
electrode was used to avoid large depletion of plasma and hence
the guard does not serve its purpose completely. Two insulators
are provided, . one between the guard and the sensor and the
other between the guard and the rocket body. The latter piece

of insulator is having threads so that it can be fitted to the
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nose cone of the rocket. The construction is easy because

both the stainless steel and the teflon can be machined earily.
3.1.5 Reference Electrode

In rocket borne Langmuir probe a potential is applied
between two electrodes which are movihg in the ambient plasma.
Theoretical treatment of such a system is given by Johnson and
Malter (1950). When two identical probes are used it become
necessary to monitor their potentials. But usually a small
electrode is used as a sensor and a much larger electrode is
used aé a reference electrode. Since the area of the reference
electrode is much larger than the arca of the sensor the poten-
tial of the reference electrode can be assumed to remain con-
stant as sensor voltage is varied. In order that the poten-
tial of the reference electrode does not vary it should have
very largc afea, because if the probe is collecting charges of
one sign the reference electrode should be able to collect
equal number of charges of opposite sign. Thus when probe
ig collecting positive ions the above condition is easily satis-
fied. But when the probe collects electrons the rcference
electrode can collect equal number of positive ions only when
~its area is larger than the ratio of velocity of electrons to
that of positive ions. The ratio is about 175 in most of the
regions of intercst in the ionosphere and Smith (1967) has
shown that in such a medium the Langmuir probe system can be

treated as a single probe system., If one uses a two stage
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~rocket like Nike Apache the area which would be available

~ for the reference electrode would be on an average, about

3 x ‘IOLF cmg. Hence the surface area of the prdbe should not

exceed 10-15 cmg.
3.1.6 Floating Potential

If an electrode is exposed to plasma it acquires an
equilibrium potential known as 'floating potential', Ve. At
this potential the total probe current due to electron and
positive ion fluzes is zero. For an electrode at rest this

potential is given by

Ve = - (kTe/e) log, (3,/i,)

where j, 1s the random positive ion current density. For
typical ionospheric parameters the floating potential is
expected to vary between -0.2 and -1.0 volt., But when the
electrode is on board the rocket there are many spurious effe-
cts such as rocket motion, solar radiation, presence cof fields
on moving rocket, the earth's magnetic field and contact poten-
tial difference due to dissimilar work functions of different
parts of the vehicle, Due to these effects the vehicle poten-
tial is different from true floating potential. Sebru (1963)
and Smith (1964) found that the probe current becomes zero
only when the probe voltage is positive. Vechicle potentials
of more than +1 volt with respect to plasma potential were

explained by Smith (1964) by taking into consideration both



‘_resonance rectification by antenna voltages and contact

ip;potentials. Contact potentials were thought to be responsible
for the observea effects. Results from Langmuir probe flights
from Thumba also show similar results and‘have been discussed

in detail by Subbaraya (1968).

3.2 Proportionalitv‘Betweeﬂ the Probe Current and

Electron Density

For.a Langmuir probe opérating in accelerating regime,
it has been shown by Smith (1967, 1969) that, the profile of
the probe current is substantially independent of electron
k temperature variations and represents over a wide range of
altitudes the electron density profile in the medium. This
allows one to use a conversion factor to get the electron
density., The factor remains constant over an extended altitu-~
de rangc and can be evaluated by comparisons with ionosondes
(Smith, 1969). 1In case the Langmuir probe is flown with pro-
pagation type of cxperiments or R.F. Resonance probe, the
conversion factor can be evaluated by comparison with the den-

sities obtained by these experiments.

The use of Langmulr probe in the D-region for the
measurement of absolute densities is not very sound on theore-
tical grounds becausc eléétrons as well as ions have very small
mean free paths in this region. It has been shown by Sonin

- (1967) that in such a situation the pfobe current would depend
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not only on the electron density but also on the mobility of
“}icharg@d particles, But it was pointed out by Smith (1969)
that the treatment of Sonin (1967) is in contrast to the
_experimental observations which suggest that even in the

D-region the proportionality between the probe current and

N,

the eclectren density is maintained (Mechtly et al, 1967) .,

The proportionality between the probe current and
 the electron density varies with altitude because of tempera-
 ture variation. For a spherical electrode operating in

highly accelerated regime the dependence of probe current

1

goes as T2 (Smith, 1969). Tor a case of cylindrical electro-
de it has been shown by Spencer et al. (1962) that in the
accelerating region the probe current is directly proportion-
al to electron density and is independent of electron tempe-

rature.

Sased on the experimental observations it can be infer-
red that the proportionality factor remains fairly constant
above D-region altitudes ( - 85 km) upto about 180 km or so.

In D-region also the factor can be assumed to be constant but
it ‘should be noted that this region should be exploited more
for the study of ionigation irregularities and the absolute
value of the eclectron density should not be taken very

seriously.

For the present study the probe current on many occas-

ions was calibreated with the help of onboard REF resonance
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probe and on the other occasions with the ground based ilono-
sondes. On the basis of some 15 dozen flights it was found
that on the average 1 /i A of current corresponds to

7.15 x 103 electrons/cm3. We have adopted the above conver-

sion factor for all the rocket flights.

33 Irregularity Mecasurements with Langmuir Probe

In a conventional ILangmuir probe whefe a sweep Vol-
tage is applied to the probing electrode one gets only ohe
value of electron density and ore value of electron tempera-
turé. An alternate method was proposed by Smith (196%) where-
in the sweep voltage stays for one to twoc seconds when it
reaches an accelerating potential of +2.7 volts or more. In
such a situation the probe current during the constant poten-
tial period would bb directly proportional to the electron
density provided the electron temperature does not charge
during this period. Since the current during gsaturation per-
iod is proportional to velocity of electrons a T'% dependence
of the current would be existing. In the ilonosphere except
for a small fraction of high energy electrons rest arc in
thermal equilibrium with each other. The rocket studies at
Thumba have shown that the Langmuir probe is well suited for

the study of ionospheric irregularities.

The spatial resolution of rocket borne Langmuir

probe depends on two parameter (a) the rocket velocity and
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" (b) bandwidth of the system. If one assumes a véhicle velo-
city of 1 km/sec and a systen bandwidth (including telemetry
also) of 1 kHz the probe can be used to study irregularities

of 1 meter scale size. |

R - Instrumentation

Fig;‘3.2 illustrates the basic principle of current
meaéﬁrement using a Langmuir probe and the waveform of the
sweep voltage which is applied to the sensor with fespect to
the rocket body. As shown in the figure the electrometer
amplifier is connected directly to the sensor by means of a
cable, Since the potential difference between points A and B
is much less than 10 millivolts it can be agssumed that the
sensor potential varies in accordance with the output of the
sweep generator. The guard electrode is also fed the same
voltage which goes to the terminal B of the electrometer ampli-
fier., The guard electrode ensures that the leakage between

the sensor and the rocket body is greatly reduced.

Some of the basic blocks of the Langmuir probe and
the actﬁal sweep waveform which was applied on many occasions
are shown in fig. 3.3. For the first 0.5 seconds the sensor
stays at -2 volts and then rises sharply upto a certain level
beyond waich the the rise is nuch slower. The level beyond
which the sweep 1s slow is decided by the output of the

electrometer amplifier and wo@ld be elaborated during the
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description of sweep circuit. The incorporation of slow and
fast sweep helps in determination of electron temperature.
After the sweep portion is over the voltage stays at +4 volts

~for 0.5 sec.

There are two Langmuir probe systems which We have
used, The first one is termed as 'Ground Supply System' and
the other as 'Floating Supply System!, In the grounded supply
system the sensor can be held only at a fixed predeterumined
potential (44 volts in our case) with respect to the rocket
body,’ in the floating system the sensor potential can be
varied in accordance with the programme of the sweep waveform.
It may, however, be mentioned again that in our system we need

to generate an inverted sweep waveform (Prakash and Subbaraya,

1967) .

Fig. 3.4 shows the block diagrams of the Langmuir probe
with grounded supply. As shown in the fig. the regulator is
fed +28 volts and -15 volts with respect to the rocket ground.
The regulator generates three voltages +18 M, OM and -9M; it is
important to remember that sensor operates nearly at OM. The
difference in OM and OV (which is rocket ground) is 4 volts.

All the blocks except the regulator operates on +18M, OM andw
-9M, i.e. +22 V, +4 V and -5 V. Blectrometer amplifier con-

verts the input current into analog Voltage. This voltage is
proéessed for low frequency component (through duct amplifier)

and high frequency component (through 70-1000 Hz Noise amplifier).
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'D.A. is a difference amplifier which gives a pulse when the
output of the electrometer exceeds 10.5 volts, 85.D. is the
self divider which divides the signal by a factor of 4.5 when

’ the E,M., amplifier output exceeds 10.5 volts by getting a trig-
ger from D.A. The gain of the Noise amplifier is switched to a
lower value so long as the D.,A. pﬁlse is present. The noise
amplifier does the additional job of level shifting to make its
output compatible with the V.C.0. input. The self divided sig-
nalvwhich is within the limits of V.C.0. requirements except fof'
its d.c. level, is giveh to the duct amplifier. The duct ampli-
fier maintains its output d.c. level compatible with V.C.0. in-
put. The self divided signal is also given to V.C.0. through

a level shifter; this output is referred to as main channel

output.

Fige. 3.5 shows the block diagram of Iangmuir probe sys-
tem with floating supply. The regulator works on unregulated
32 and converts it into three desired regulated voltage viz.
+18 M, OM, and -9 M for the entire circuitry. The sweep cir-
cult generates a voltage Sweep mirror image of which is shown
in fig. 3.3. The output of sweep generator is connected to
rocket body. In this case the sensor stays at voltage OM + V
volts (V< 10 mV) and, therefore, with respect to rocket body

the sensor sees a voltage sweep as shown in fig. 3.3.

When the sensor stays at -2 volts with respect to

rocket body only ions can be collected by the sensor, and as the
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ion current is less than the electron current a additional

gain of 3 is provided in the ion amplifier. The ion amplifier
changes the phase of the signal also so that positive voltages
‘are available both for electrons and ions. The outputs of the
ion and the electrometer amplifier are gated together and the
gated signal is given to the self divider (which is functionally
similar to what was stated earlier) and then to the V.C.O,
through a level shifter, In the level shifter sweep is sub-

| tracted so that the resulting signal can be used with respect

to rocket ground. The L.P. + ION signal is given to 70-1000 Hz
noise amplifier which is having low as well as gain stages., The
output of the low gain stage is gated with the fixed divided

L.P. + ION signal and the gated output is fed to the V.C.O. thr-
ough a level shifter. The differencé amplifier gives a pulse
whenever L.P. + ION output exceeds a certain voltage and thereby
changes the gain of low gain noise amplifier by a fixed ratid.
The high gain noise amplifier amplifies the output of low gain
stage and also does the additional job of level shifting to make-
its output compatible with the V.C.0. input. Both the gates
which are shown in the figure work on the pulses which are

derived from sweep circuit.
3.1 Power Supply Regulators

The two different types of power supply regulators
which we have used are shown in fig. 3.6. The system with

grounded Supply is used when the L.P. sensor is kept at a fixed
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potential with respect to the rocket body whereas the system
with floating supply is used when the sensor potential is

swept.

In the grounded system two diodes have been put in
series with the +ve and -ve lines so that the current cannot
flow in the reverse direction. Two separate regulators have
been used for +18 and -9 M supplies. Two zener diodes in
series with forward biased diodes have been used for generat-
ing reference voltages., Zener diode Z5, transister 1 (CIL 612)
and 2N3740 in conjunction with the appropriate resistors have
been used to generate the +4 volt bias voltage for the probe.
This voltage is taken out from the emitter of 2N3740. A pair
of L section filters cémpriSing of 1 mH inductors and 0.71.{LF
capacitors have been used to filter the incoming supply voltages.
Tantalum capacitors of 22 4 I* (30 V) have been used at the out-

put of both the supply lines.

The gecond regulator used for the floating L.P. also
uses series regulator. But this supply is run from a floating .
battery. Both the incoming powerlines are bypassed to the roc-
ket ground using 1 mH series inductors and 0.71,/L F capacitors.
Since + 18 M and -9 M supplies are required for running the
payload electronics the division is achieved by transistor

2N37%0 (TR2), 18V Zener diode and two forward bias diodes.
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3.4.2 Electrometer Amplifier

#or the measurcment of low currents, a current to

voltage converter incorporating a high gain d.c. amplifier

is used. F¥Fig. 3.7 shows the schematic of the electrometer
amplifier, with a 100% negative feedback, used to convert the
input current to a voltage output suitable for further proces—}
sing of the data. If gain of the operational amplifier is A,
feedback resistance is Rf, I is the input current, Z4 is the
input impedance of the amplifier and N\ I  is the bias current
which is much smaller than I, the output voltage Bo can be

evaluated by following simple equations.

Vi = Eo + (I - A Rf

where Vi and EO are given by

Vi = Zi N T and EO = =A Zl A I
Zs NI = -AZ AT (I - ANI) R
or IR, = (2, + &2z +Rf>AI

= NI 2z2. ( 1+A+Rf/Zi)

1

“E (1 +1/A+Re /A Z)

For a typical circuit comprising of a high gain operational

amplifier (A = 105) the above equation reduces to

I == ~EO / Rf
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This shows that output voltage is independent of amplifier
characteristics and depends only on the input current and the
feedback resistance., According to Miller's theorem the input
", impedance of an amplifier is given by Rf/A. If Rf = 108 Ohms
and 4 = 107 the input impedance is of the order of kilo Ohms

which is much less than Zi'

Fig. 3.8 shows the block diagrams of the electrometer
amplifier (or the L.,P. amplifier) along with the switching
scheme., A is the wain amplifier which converts the input cur-
rent into an analog voltage. To increase the dynamic range of -
the current amplifier, thiee feedback resistances are used
which are switched one after another depending upon the input
current. An electrometer tube Raytheon CK587 or 5886 which
has a maximum leakage current of 10"13 amp is provided at the
input stage of the amplifier, RF19 RF2 and RF3 are fecdback
resistances and Ry, R, and Ry are three relays. To start with
RF1 is comnected and all the relays are off. As the input cur-
rent increases the amplifier output increases and as soon as
it exceeds 10.5 volts the difference amplifier gives a posi-
tive which triggers the flip flop No.1. The positive
pulse from flip flop No.1 1s applied to relay R1 which now
becomes ON and HF2 gets connected in parallel with RF1. Thus
the amplifier output drops down. If the input current exceeds
further such that output voltage is again morc than 10.5 volts
the difference smplifier gives a pulse and at that instant both

inputs to the AND gate (i.e. output of 1§t FF and the delayed
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signal) arc present and the géte gives a positive pulse which
| triggers flip flop No.’2 also. The positive pulse produced
by this flip flop is applied to relay R2 which becomes on

- and consequently resistance RF3 gets connccted in parallel

with RF, and RF, and thus the amplificr output falls again.

At the end of every sweep cycle 50 ms mono pulse is
given to relay R3 which shorts the input for 50 ms. Thus at
the end of every sweep cycle a 50 ms zero marker is obtained.
Depending on whether both FF1 and FF2 are off, only FF1 is on
or both FF1 and FF2 are on,the pulse width of mono is varied
to 50, 75 and 100 ms respectively. Thus at the end of every
sweep cycle a zero marker of any of three lengths would be
observed; the length of zero marker on the telemetry chart
serves to identify which feedback resistance is connected.
Also the 50 millisecond mono is used to reset the flip flop 2
if both flip flops are on and flip flop 1 if only flip flop 1
is on. This means in one cycle only one gain is reset; this
scheme was conceived of because in the iODOSphere the density

is not to change drastically in very short times,

Fig. 3.9 shows the circuit diagram of the switching
network. The electrometer amplifier output is fed to a dif-
ference amplifier (TR2) through an emitter follower (TR1). If
the electrometer amplifier output exceeds 10.5 volts the col-
lector of TR2 gives a positive pulse whichbtriggers the flip

flop 1 (TR4 and TR5). The output of flip flop 1 is given to
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a relay R1 through a driving circuitry (TR6). When the

relay operates the feedback resistance Rpo gets connected
parallel with Rpq. As soon as RFZ is connected the output

‘of electrometer amplifier drops down. If the input current
increases further such that the electrometer amplifier output
exceeds 10.5 volts the difference amplifier (TR2) gives a
positive pulse., This pulse and the delaycd output of the
first flip flop are gated together. 1 M) resistance and
0.1.4L F capacitors provided at the base of TR7 produce the
necessary delay. Since both the signals are present the out-
put of the gate is also positive which triggers the flip
flop 2 (TR12 and TR13). The output of flip flop 2 is given

to another relay Ro through similar driving circuitry (Tii11).
When the relay R, operates the feedback resistance RF3 gets
connected to RF4 and RF, and thus the butput of the electro-
meter amplifier drops down further. TRI1L4 and TR15 form a
astable multivibrator of repetition time 1.6 sec. The output
of astable multivibrator is differentiated and used to trigger
the 50 ms monoshot which is used to set one of the multivibra-
tors and give a zeromark at the end of 1.6‘sec. This astable
multivibrator is used only when a fixed voltage is applicd to
the sensor and no sweep is used. However when a voltage sweep
is used at the cend of every swcep ¢ycle one pulsec is derived
from the sweep circuit and is uscd to trigger the monoshot

(TR 16,17).
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FPig. 3.10 shows electrometer amplifier, self divider
and ion amplifier. In the electrometer amplifier a 9 volt
‘zener is used at the base of transistor No.1 to provide the
filament current to the tube. The operational amplifier is
an integrated circuit chip SSD 741. The output of the elec-
trometer amplifier is given to the switching circuit (Fig.

3.9) to the self divider and to the ion amplifier.

Self divider is a simple three transistor circuit.

As soon as the output of clectrometer amplifier exceeds 2.5
volts the difference amplifier (shown as 2 V DA on 70—1000 Hz
noise diagram, Fig. 3.12) gives a pulse which shorts the tran-
sister 13 with the result that the signai fed to the base df
T2 gets divided in ratio of 10 K to 2.7 K. By providing threé
gain switchings and a self dividing arrangement a 1arge dyna~
mic range of more than four orders of magnitude is obtained
which is sufficient for measurement of electron densities in

the region of interest in the lonosphere.

Shown in the same figure is the ion amplifier which is
a single I.C. inverter with a gain of three. The output of
ion amplifier is taken from terminal No,6 of the I.C. In
addition; the output of the ion amplifier is given to the
mono shot (TR1 & TR2) to get a pulse which is used in sweep

circuit,
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3.4.3 Sweep Circuit

There are a number of methods by which a linear vol-
tage sweep can be obtained. They are such as exponential
charging, constant current charging, the Miller circuit and
boot strap etc; The Miller sweep circuit is used as an
operational integrator as illustrated in the following

diagram (unnumbered)

Ve e ~
v ‘ GAIN = A sl v O/P .
1 /"/ / ,

The operational amplifier shown in the diagram is having a
high gain A, high input impedance and a low output impedance.
The resistance R and the capacitance C form the integrating
network. As the voltage at the point B increases, because of
constant charging of the condenscr, the output voltage of the
amplifier falls with the result that a negative going sweep
appears at the output. Suppose the decrement in the output
voltage in time /At is AV, then the increment in voltage at
point B would be A\V/A where A is the gain of the amplifier,
Thus the charging current of the condenser can be equated as

CAV (1 + A). This current would be the same as the one
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flowing through the resister R kbecause there is no current
flowing into the amplifier except the bias currént which is
assumed to be very small due to high input impedances of the
amplifier. The current through the resoster R can be equa-

ted to (Vg - AV/A) / R. Equating both the currents one

arrives at

Cal (1+n = (-4 /E

AY Vg /1 v \

= = s 1 = — + - e g

A e \ A Vs | J |

The above equation tells that the output voltage will vary

linearly with the time as long as

Following experimental values have been chosen for the sweep

circuilt.

A =100, AV =% volts and Vg = 18 volts

.1 N -2

Hence the linearity of the sweep would be within 1.2%.

Fig. 3.11 shows the circuit diagram of the sweep gene-
rator. The resister and capacitor connected at the collector

of TR1 form the charging network. Thus the collector of TR1
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corresponds to point B of the diagram shown on the last

page (unnmumbered) . This point is connected to the input of
the amplifier (TR4 and TR5) through proper buffers (TR2, TR3
and TR25). Diodes D1 and D2 form the selective network. Asv
long as the voltage at the emitter of TR3 is less than the
voltage at the emitter of TR6 the diode D1 conducts and the
output voltage at emitter of TR6 falls. Since the diode Dy

is conducting the voltage at the base of TRY4 is increasing.

As a result, when the voltage at the base of TR4 becomes more
than thé voltage at the emitter of TR6 (i.e. at the base of
TR25) the diode D, starts conducting and D; becomes reversed
biased. Since the diode D1 is non-conducting the output no
longer follows the voltage at the emitter of TR3., Thus the
output of the amplifier remains constant although the voltage
at the emitter of TR3 is increasing. The increase in voltage
At the emitter of TR3 is monitored at x4 and is fed to a dif-
ference mplifier (TR12 and TR13). The difference amplifier
gives a positive pulse when the voltage at xq exceeds the given
bias of the difference amplifier. BY adjusting the blas one
can adjust the time for which the output remains constant at
the lower voltage level. The pulse given by the difference
amplifier (at Collector of T12) is given to 50 ms monoshot
(TR9 and TR10). The output pulse of the 50 ms monoshot taken
from the collector of TR10 is given to the base of TR1 through

4 68 k resister. This pulse shorts the TR1 and hence the vol-

tage at collecter of TR1 as well as at the point xq would drop
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down and diode D1 would again start conducting‘with the result
that the output would increase. The trailing edge of the 50 ms
monoshot pulsé ig used to trigger another monoshot of O.Sksec.
duration. The positive pulse of 0.5 sec. is availablelat the
collector of TR15 and is given at'point A. Thus the output
remains fixed at higher level for 0.5 seé. Once the 0.5 sec.
duration is over the voltage at point xq would increase and

the negative going sweep would again appearl at the output.

There is a provision for variation of sweep rate by
connecting a resistance in parallel to 39 k (at the collector
of TR1). The arrangement has not been shown in the diagram.

Tn addition some other pulses are generated for example sweep
end indicator (S.E.L)and pulse for sweep gate operatim. These

pulses are used for gating purposes.
3,4, High Frequency Noise Amplifier

For studying the small scale irregularities the signal
of the Langmuir probe is amplified in the frequency range of
70-1000 Hz with the help of an amplifier which is named as
high frequency noise amplifier. Fig. 3.12 shows the circuit
diagram of such an amplifier alongwith a 2.4 volt difference
amplifier, and a gate with fixed divider. All the three 1.C.s

shown in the fig. are SSD 741,

First I1.C. is used as a difference amplifier which

gives a positive pulse at terminal lo. 6 when the input voltage
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exceeds 2.4% volts. This pulse is used for self dividing the
Langmuir probe output and for reducing the gain of the first
stage of the high frequency noise amplifier in case the

Langmuir probe output exceeds 2.4 volts,

The Langmuir probe output is fed at the bése of TR1
which acts as a buffer. At the emitter of TR1 a 70-1000 Hz
passive filter is connected. The filter output is connected
to a two stage a.c. amplifier. As shown in the figure the low
and high gain signal can be taken from terminal Nos. 6 of the

second and third I.C.s respectively.

The circuit shown in the lower part of the figure is
a simple gate with a provision for fixed division. The sig-
nal of L.,P, and Ion is gated with the low gain high frequency
signal, This is a sort of redundéncy in the system and is
very useful in case the high gain signal gets saturated. The
pulse which is required to open and close the gate is derived
from TR16 emitter of the sweep circuit (fig. 3.711) and is fed

through a 10 K resister at the base of TR6 (fig. 3.12).

3.%.5 Duct Amplifier

A duct amplifier was developed to study the low fre-
quency component of the Langmuir probe output specially when
the amplitude of irregularities is fairly weakly and cannot
be studied through main channel data. The need to develop

such an amplifier arose because the amplitude of fluctuations
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is very small compared to the change in dscs level of the
gignal because of large dynamic range of elecfrom density in
the regions of interest in the ionosphere:. 1In the duct ampli-
fier the d.c. level of the output stays at a prefixed value
whereas the a.c. level of the output varies in accordance with
the fluctuations in the input (whose d.c. level 1is slowly rising
to very large values). The amplifier amplifies the signals in
a duct and hence named as a duct amplifier. Thus the use of
such an amplifier enables one to see even the weak fluctuations
I 5 ¥
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The above circuit is shown to illustrate the d.c. conditions
of the duct amplifier. A is an operation amplifier with high

input impedance. In a d.c. analysis, following relation would

hold good.

11 T~ 12 and 13 o~ IH

The slight inequality appears in the equations because of the
fact that even though the amplifier A is a high input imped-
ance device it does draw a small current for its operation.

Neglecting the small current drawn by the amplifier the currents
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can be balanced in terms of voltages appearing at different

points.
(61 - e)/R = (e - eo) /1R

and

(e2 - e)/R = (e-V)/nR

From these equations if one eliminates e, the following expres=

sion would be obtained.

e+ e, = e,n Vv
But when e, = e, i.e.,the same signal is fed,i1t turns out
that e = V. This shows that the output d.c. level remains

0
constant at V and is independent of input d.c. level,

Fig. 3.13 shows the circuit diagram of the duct ampli-
fiér. The self divided L.P. signal is gfven to the amplifier
through a buffer (TR1). The time constant of the circuit dis
decided by a resistance (22 K across which a FET is connected)
and a capacitor (22/4F). The time constant in the present case
is 0.48 sec. enabling one to go at frequencies beyond 2 Hz or
so, Terminals 2 and 3 are almost at same potential, the
difference being much less than 10 mV. Terminal No.3 is
connected to a fixed 2.5 volts through a 510 K resister.
Reference voltage of 2.5 volts is generated by adding four
diodes in series. The a.c. gain of the amplifier is near Ly

5. During the rising portion of the voltage sweep which 1is
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applied to the sensor, the input to the duct amplifier con-
tains very sharp pulses due to different resistance switchings.
In presenceof such sharp pulses the output d.c. level would
shift. To avoid this shift, the time constant of RC network
is made extremely small during the rising portion of the

sweep, The 22 K resister is shorted through a field effect
transister which gets a pulse of desired duration from a mono-
shot (TR2 and 3). For driving the monoshot a pulse from sweep

circuit is taken.

345 Data Analysis

The probe data is transmitted on three V.C.0. channels
of 14,5, 30 and 70 kHz. The intelligence bandwidths of these
channels are 220, 450 and 1050 Hz respectively. Usually there
are some other experimehts also onboard the rocket and hence
their data are also transmitted on other V.C.0. chamnels.
There are, therefore, 8 to 10 data channels for all the expe-
riments. The output of all these data channels is recorded on
a photographic chart moving at a speed of 10"/sec. In addi-
tion the data of all channels is recorded on a magnetic tape
also so that it can be used later for recordings on paper
charts at desired speeds. Béfore starting the recording on
the paper chart known voltages are fed to obtain the calibra-

tion marks for all the channels,

The probe current is transmitted on 14,5 kHz chanmnel.

This channel contains information about the electron density,
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medium scalésize electron density irregularities and electron
temperature., In this thes's.we are concernéd with the méasure—
ment of electron density and irregularities only. The infor-
mation about these two parameters is contained in the current
drawn by the probe when a fixed voltage +4 volts is applied

to the sensor. The information about the electron température
is contained in the probe current when the sensor potential
is swept from -2 to +4 volts; a retarding potential analysis
yields one value of electron temperature during each sweep
cycle. The author has made electron temperature'measurements
(Subbaraya et al. 197k) also bub the results are not being

reported here.

The second output is termed as duct channel and is
transmitted usually on 30 KHz channel. This channel is used
to study medium scale irregularities when their amplitude is

very weak. When the amplitude of medium scalesize irregulari-

ties is large they can be studied from main channel data and
at that time the duct amplifier would be saturated. But when
the amplitudes are small the irregularities cannot be seen by

main channel and one has to study them through duct channel.

The third output is termed as the high frequency
channel and is transmitted on 70 KHz channel. This channel
is used to study the nature of small scale irregularities
(1=15 metefs), The output of the channel shows the compo-

site amplitude in a band of 70-1000 Hz.
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3.5.17 Determination of Electron Density

For determination of the electron density first of
all the probe current is to be found out. For this the self
divided or non self divided L.P. output voltage is to be
determined. The usual conversion factor for Vertiéal scale
is that 50 mms on the chart correspond to 5 volts. In cases
where different displacement is kept the proper ratio has to
be used, At the beginning of the sweep cycle a zero marker
is obtained whosé length is dependent on the feedback resis-
tance which is comnnected at that instant. From the 1engthvof’
zero marker and switchihgs on the output the exact factor
needed for conversion of output voltage to input current, can
be determined, Thus at any instant the probe current values

can be evaluated,

The vaiues of probe current thus obtained are multi-
plied by a proportionality constant to get the electron densi-
ties., As mentioned in section 3.2 we have adopted the propor-
tionality factor such that one microampere of current corres-

...3'

ponds to an electron density of 7.15 x 103 cm .

The smallest'current which can be read isllimited by
the feedback resistance and the smallest displacement which
one can read on the y~axis of the telemetry chart. Keeping
in view the thickness of the trace it is felt that a displace-
ment of 3 mm above the zero line can be correctly read. This

displacement would correspond to about 0.3 volts, .Since we
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are using a resistance of 100 M £7 , the smallest current
which can be read in 3 x 10"9 Amp. The maximum current would
be obtained when the self divided output stays at 5 volts with
the smallest feedback resister i.e. 0.270 M Ll , Since the |
self divider divides the voltage 5y a factor of M,ﬁ the

' maximum current which can be measured would be (5.0 x 4.5)/

(0.270 x 106) amp i.e. 8.0 x 10_5 Amp.

Thus the smallest and highest densities which one can
measure with this system are 2.1 x 107 cm™3 and 5.7 x 105 cmﬁ%

respectively.

The measurement of electron density can be carried out
only for 0.5 sec during a sweeplcycle because the sensor is
kept on +4 volts for only this much time. However, we had a
couple of flights in which sweep was not there and sensor was
kept at +4 volts for the period of 1.8 sec or so, In such
cases the entire data is useful for the electron density eva-
luation. The electron density values are computed for every
half an inch which for a chart running at 10"/sec means an
interval of about 0.05 sec. In 0.05 sec the rocket, on an
average, traverses about 75 meters or so. Thus clectron den-
sity values at the interval of 75 meters are available. For
determination of altitude, the trajectory provided by the

TERIS Control Centre has been used.
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3.5+2 Analysis of 30-300 Meter Scalesizes

The analysis of 30~300 meter scalésizes is carried out
on the data obtained from the main as well as the duct channel,
In order to read the data more accurately and closely, re-
recordings were made for the selected intervals. During such
recordings the chartspeed was increased to 16"/sec. and large
displacement in y-direction was provided. For the stu&y of
spectrum of 30-300 meter irregularities, data were taken only
from those flights where there is no sweep voltage but the
sensor is kept at +% volts. On an average data of about 1.2
sec 1s obtained every 1.5 sec. Since the smallest interval
at which readings can be taken manually is 1 mm there are
nearly 500 points available during each cycle. Thus the data
of 1.2 sec is read at about 500 points and is subjected to
spectrum analysis. But whenever smaller number of points are
available (due to intermediate switchings) the largest scale-
size studied was commensurate with the data length. All the
spectra which have been presented in chapters IV and V héve

been evaluated using the data obtained as mentioned above.

a) Fourier Transform Technique

For the estimation of power associated with any fre-
quency the technique of Fourier Transform has been used. In
this technique first of all the autocovariance function has

to be determined and then it is to be Fourier transformed
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to get the power. The exact procedure of analysis, typical

values used and standard formulae are given below.

No. of points = 501 . n = 500

4 = 1 mm on the chart = 0.002461 seconds
Record length T = = 500 x 0.002461 =z 1.2Asec.
Maximum lag T, = Tn/10 = 0,12 sec.
No. of lagsm = T /% = 0.12/0.002461 == 49

Since the No. of lags m 1is L9 autocovariance function C has

to be determined at m + 1 i.e. 50 points.

m
C vy = —— e
- (M-v) ?> 7(C\/ Y
W=y 2
C (¢) = _,.L K X,oéﬁ + ?(.\?— 4+ A 1? 4 - }(S()d >
5060 | |
| o _ -
C (1) - .__M-(x,x,_-, b 40X E e Al )
499 |
‘ \ _ | » XX,
C (41) - Z/()(M"‘l‘* XX Xy 17 o 45 ')
‘ ¢\

Fourier transform of autocovariance contains real and imagi-

nary parts and is given by . .

a9 v g
J(5) = > C (t) ¢ . v
A
k=0 ,
= A + iB ‘.
2 a

P (f) = |&"+ |B




111

Thus power at any frequency £ can be evaluated. The uniﬁs
of this power are variance/wave number/meter. The power in
different waves can be expressed both in time and space domain.
The_Fourier transform of the autocorrelation function gives
the power spectral density. The units are variance/wave
number/meter. This means the power at a wave number is‘eX?
pressed as variance per unit wave nunber per meter of chart.
The power is expressed in time domain as variance/unit band-
width/sec. This means the power at some frequency per unit

bandwidth (Hz) per second.

Since = 0.002461 sec the Nyquist frequency is

given by fy = 1/21+ = 200 Hz

This is the maximum frequency upto which the estimates of
power can be made. The smallest freQuenoy uptovwhich the
estimates should be made is limitéd byvthe record length.
Since the record length is 1.2 sec. the Minimum frequency

which can be safely studied may be taken as

fpin 7 4W/Tw =~ 4/1.2 sec v 3 Hz

Thus the scalesizes which one can study with the present data
are limited by these two frequencies, viz. N and fpine
Assuming that the velocity of irrégularities is much smaller
than the velocity of the rocket ( ~ 1.5 km/sec) the fluctua-
tions represent the vertical wavelength of the irregularities

in the medium. The scalesize of irregularities can be calculated



112

from the relation )\irr = VR/firr‘ where Vg 1is the rocket
velocity and firr is the observed frequency of irregularities.
Gupta (1970) has discussed the effect of rocket and irregu-.
larity orientations and velocities on the estimate of scale-
size. Assuming a rocket velocity of 1.9 km/sec, the scalesize
range which can be studied is from 7.5 to 500 meters. But

in order to be well within the range we have chosen the scale-

size range of 30-300 meters.

In order to estimate the errors involved in the powver
values thus obtained one has to find the degrees of freedom
K where K is defined as K = 2 n/m. In our case n o= 500,
m -~ 50 hence K =~z 20. The upper and lower limits of power
estimates for 20 degrees of freedom with 95% level of confi=-
dence can be read from the standard tables (Blackman and
Tukey, 1959). Thus for K = 20 the power estimates have to
be multiplied by 1.51 and 0.54 for getting the upper and lower

limits respectively.

b) Zero Crossing Technique for Most Prominent

Scalesize

The estimate of most prominent scalesize at any given
altitude can be made using this simple method. As mentioned-
in the last section the data of electron density is available
at 500 points during 1.2 sec interval. Thus, the total data

length is about 1.8 km. These data are subjected to moving
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average analysis wherein the moving average is taken over

50, 100, 150, 200, 250 and 300 meters. Once the moving
average is taken over a certain displacement there are lesser
number of data points available after the averaging. For
example if there are 500 points awailable from Xj,'xg cevee
Xgoo points and one takes moving average over 21 points then
the averaged data would be available for points X%1, x%g....'
Xﬁgo. Now if one subtracts the moving averaged value from
the original values at each point one would get values like
(x4 = X%1>, (x5 = Xf5) eeennn (X49O - Xﬁ90)" These values
would be positive as well as negative and hence one can
count the ﬁumber of zero crossings. Suppoée the number of
zero crossings is N then the most prominent scalesize }\P
is giveh by

\ _ Record Length
MPT 2 N

The recordlength in the case of above example would be

VR/H9O x 0,002467
where VR is the rocket velocity.

As one takes the moving average for higher and higher data
lengths the fihal data length goes on decreasing and hence
it becomes necessary to normalize the number of zero crossg-
ings to a standard length., In our cas¢ we have normalized

the number of zero crossings to a data length corresponding
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to 400 points. Thus at any'given altitude region the number
of zero crossings has been determined which can be used to
compute the most prominent scalesize at that altitude. It
may be mentioned here that this information is not obtained
from our Fourier Transform technique because the information

of phase is lost while evaluating the power.

«5.3 Analysis of 1-15 Meters Irregularities

o

The study of 1-15 meter irregularities 1s carried’
out with the output of the high frequency noise amplifier.
This output after proper amplification is telemetered on IRIG
channel 18 (70 KHz + 7.5%) which has an intelligence band-
width of 1.05 KHgz and can be used to study fluctuations with
scalesizes down to one meter. The telemetered signal recor-

ded on a magnetic tape after passing through a suitable des-

criminator is recorded on a photographic paper chart moving
with a speed of 10"/sec. This record gives the amplitude of
fluctuatlonb in the composite band of 70- 1000 Hz (1-15 meters
scalesize). For determining the spectrum, ths frequency
range (70-1000 Hz) is subdivided into a number of sub-branches
and the composité signal is passed through a bank of band pass
filters. The characteristics of the filters which have been

used are listed in table IIIL,.7.

The centre frequency of gl £i1ter fell beyond the

inte 1ligence bandwidth of 70 KHz channel and hence the data



TABLE ITIT,1

Filter No. | 1 2 |3 L 5 6 7 8

Frequency £ (Hz) |86 |122 |172 | 254 | 356 |509 |720 |1036

Bandwidth . f (Hz)| 11 17 31 30 50 70 100 1130

NT/F 7.8117.1715.5518.40{7.12|7.27|7.207.97

e

Corresponding
scalesize (mts) 17.4112.3(18.7 15.9 |k,

N

2.9 12.1 [ 1.4

from this filter was not used. The output of each filter is
further amplified and is recorded on the photographic paper
moving at 10"/sec. The signal in each channel of the paper-
chart represents the amplitude of fluctuations within the
scalesize range corresponding to the centre frequency and
bandwidth of a particular filter., Assuming that the velocity
of irregularities is much smaller than the velocity of the
rocket (1.5 km/sec) the fluctuations represent the vertical
wavelength of the irregularities in the medium. The scale-
size of the irregularities A ;.. can be calculatedvfrom.the
relation )\irr = VR/fL, where Vp is the rocket

irr
velocity and firr is the observed frequency of the irregula-
rities. These scalesizes are listed in table IIT.1. This
analysis is known as A.C. analysis and the resulting filter
outputs on the paper charts are verytuseful for seeing the

change in spectrum.
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@

For the purpose of determination of spectfal index
each filter output was rectified and averaged for 0.2 sec and
was then recorded on the photographic chart moving at séme
usual speed of 10"/sec. This record we term as D.C. record.
Before the actual recording,this system is calibrated by feed-
ing a fixed A.C. signal and noting down the d.c¢. output. Tor |
evaluating the spectral index at any given time the d.c. output
of ecach channel is noted and is converted into peak to peak
A.C. value, App. If the calibration factor and the bandwidth
of that particular channel are represented by C and AT
respectively, then the power associated with the centre fre-
guency in a bandwidth of Af 1is given by

c 2

_/ App.C -
P o= ( 38 \ AT

The unit of power 1is variance/unit bandwidth/sec. Unfortunately
during the recording of the spectrum the amplification provi-
ded at the output stage of 70 KHz channel could not be known
properly. Therefore, the results of one flight are not com- |
parable to the other. But for the individual flight all the -
values are comparable because the amplification is provided to
the composite signal. Therefore, all the power estimates have

il

been expressed in arbitrary units.
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CHAPTER = IV

RESUITS DURING PERIODS OF NORMAL EIECTROJET

The days on which the electrojet current remains east-
ward during daytime are termed. as mormal electrojet days'. On
some of the days the direction of electrojet current reverses
for a few hours in daytime (mostly during afternoon); such days‘
are termed as 'counter electrojet days'. This chapter is devo-
ted to the results obtained from a number of rocket flights made
during normal electrojet. The results bf ionigation irregula-
rities in medium (30-300 meters) and small (1-15 meters) scale-
size ranges generated through cross-field and neutral turbulence
mechanisms are presented here. The analysis of irregularity
data of a large numbér of flights shows that the behaviour of
irregularities is quite systematic. In the following, therefore,
only those results are presented which are most ﬁypical represen-

tations of the irregularities.
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L, General Nature of the HBlectron Density Profile

During Different Times of the Day

Fig. 4.1 shows the electron density profiles at 0559
and 0745 hrs IST ‘on 9th February 1979 and 12th August 1972
respectively. On the early morning flight namely P158 the

Langmuir probe sensor was housed inside the rocket nosecone

and since the nosecone was ejected around 85 km altitude the

data below that altitude could not be obtained. Around 92 km

the density sharply increases from 2 x 102

just about a kilometer or so and thereafter, the density de-
creases very slowly upto 110 km after which it exhibits two
very prominent structures. The density around 118 km or so
falls down’by'an order of magnitude from its peak value.
Since the time of launch for this flight was 0559 hrs the

profile exhibits both daytime as well as nighttime features.

The reminiscence of the typical 'valley of ionization' can be

seen in the profile around 120 km. The region lying below -

105 km altitude exhibits an almost constant density upto about

to 6 x 103 Qm’3 in

92 km. The densities in this flight which is an early morning

flight are much smaller as compared to the late morning flight

e
viz. Co5,1%. TFor flight Co5.14% the density is 3 x 101 cm ~
at 63 km and increases upto 75 km or so attaining a value of

6 x 102, thereafter, it decreases during next five kms.

Beyond 80 km the dehsity increases very rapidly upto 92 km or

5

so and after that it attains nearly. a steady value of 1x10

cm

3

.
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'Fig. 4,2 and 4.3 show the electron density profiles
during five daytime flights. The general nature of profiles
is: a rapid increase in density upto 75-76 km followed by a
slow increase upto 85 km or so which again 1s acompanied by
rapid increase upto 100 km or so beyond which the density
remains practically constant. The peak density during day-

m‘3 -

time is typically of the order of 2 X 105 C

Fig. 4.4 shows two evening time profiles, The den-
sities below 80 km were too small to be measured by Langmuir 5
probe. Both the profiles show a sharp layer of ionization
around 90 km, above which the density increases slowly upto
110 km or so, Above 11Q km both the profiles show the valley
of ionization which, as would be seen later, becomes more
prominent during nighttime. Beyond 140 km the density in-
creases slowly and ultimately assumes a value of 2 x 10)1L cm&3;
The profile of flight 10.11 shows large scale fluctuations

beyond 130 km. Although these structures are present in

10.13 profile also, they are not as prominent as in 10.11.

Fig. 4.5 shows a nighttime profile. Both ascent and
descent data of the probe current are plotted. The conver-
sion factor needed for getting the density values is also
given in the diagram. ILike daytime profiles, the nighttime
profile also shows a sharp layer around 90 km wherein the
density incfeaseS by a few order of magnitudes. Beyond 90 km

the day and nighttime profiles are very much diffefemt. During
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nighttime the density profile exhibits a lot of layered
structurss upto about 110 km after which there is a bite up
of the ionization which gives it the appearance of a 'valley'.
Even in the valley portion small scale fluctuations are
‘present'in the profile. The nighttinme densities are dqwn

by more than an order of magnitude as compared to the day-

time values.

Fig. 4.6 shows the density profiles of two other
nighttime flights. Both the flights show a large increase
around 90-92 km after which the density shows large scale
fluctuations. The density during CO7 shows an overall de-
creasing trend upto 125 km beyond which it increases and then
attains a nearly constant value of 103 em™3, The valley of
ionization is very clearly seen during COY and a similar

trend is found in C-271.

L2 General Nature of Blectron Density Gradients

During Different Times of the Day

The electron density gradient is usually represented
in the literature by a parameter 'L' which denotes the density
gradient scale length and is defined as following.

dn

1 dn
n dh

=
1

where n is the ambient density and h is the height. larger

is the parameter L weaker is the gradient. We have chosen
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to show the variation of parameter % with altltude for
showing the nature of the gradients. In order to show both the
negative and the positive gradients on the same plot a linear
scale was selected. Occasionally, the gradients are very
strong and the value of thé parameter % shoots up beyond the
scale; in such cases value of %‘ is written on the plot, For

example the value of % at 86 km during the ascent of flight

20.08 is 4.6 km™! (see fig. No.4.10).

For determining the gradient at any point all the
points lying 500 meters above and below the point were taken
and a.second degree'polYnomial fit was obtained; this hew
curve was then differentiated at that point to get the gra-

dient, ©Such gradients were obtained at each kilometer from

80 km to 130 km.

Fig. 4.7 shows the nature of gradients during an
early morning flight, P-158 and a late morning flight, CO5.71k.
During flight P-158 positive gradients are present around 88
and 11# km and negative gradients are present at 112 and 118
km altitude. In other regions very weak gradients of both
signs are present. During flight C05.14% gradients are only
positive and there is one major peak at 91 km where % value

is as high as 2.,48. This is a secondary peak at 83 km also.

Fig. 4.8 shows the variation of % for six daytime

flights. All the profiles show a large positive gradient-
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around 88-90 km. The behaviour of flight 10.43 is slightly
unusual as it shows very strong gradient around 81 km. The
region of large gradient is,however, confined only to one km
or so, In general, theré are no negative gradients present
during da&time and.especially s0 below 100 km altitude. Above
100 km the density assumes nearly a constant value and gra-

dients, if present, are very weak.

Fig. 4.9 shows the nature of gradients during evening
hours. It can be seen from the figure that a strong positive
gradient exists around 80 and 87 km. Above 100 km, gradients
of both signs are present with slightly strong positi&e gra-
dients around 133 and 137 km., In the region above 100 km)the
fluctuations in the gradiént are more pronounced as compared
to daytime value. TFig. 4.710 shows the hature of gradients
during nighttime as observed during the ascent and descent of
the rocket. The gradients are very strong and show;qualitatiu
vely, same behaviour during ascent and descent. Comparing
these gradients with daytime gradients it can be readily seen
that during nighttime both positive as well as negative gra-
dients are much stronger as compared to daytime. Similar fea-

tures are shownm in fig. 4.11 for yet another nighttime flight.

- The overall picture of gradients during different
timés of the day is as following. During early morning hours
both the positive and the negative gradients are present

indicating the reminiscence of nighttime features. By 0745 Hrs
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the regions of negative gradients vanish . and the profile
exhibits positive gradients only. During noon time strong
positive gradients exist around 88-90 km and there are no
negative gradients. The evening time results show a sort of
transition from daytime to nighttime conditions where both
positive as well as negative gradients are present, During
nighttime both positive as well as negative gradients are
present and they are much stronger than gradients observed

at any other time of the day.

4.3 Tonization Irregularities Produced Through

Cross-field Tnstability Mechanism

The rocket data show the presence of ionization irre-
gularities in a large scalesize range from few hundred meters
down to one meter. TFor convenience the data are divided 1in
two scalesize ranges namely 30-300 meters and 1-15 meter and
the irregularities in these ranges are termed as type Mz and
S respectively (see classification in chapter I). The results

of both these types are presented here.

4,341 Irregularities in 30-300 meter Scalesize Range

(Medium Scale Cross-field-type MC)

a) Regions of Occurrence

These irregularities were observed in different regions.

during different times of the day. -Table IV.T1 shows the regions
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of occurrence of type Me during seven rocket flights which
typically represent early morning, morning, noon, evening and

nighttime periods.

It can bé seen from table IV,1 that during morning
and noon hours the irregularities are observed continﬁously
between 87 and 110 km altitude, At other times the irregula~
rities are observed in isolated regions. The extent of these
isolated regions varies from 110 to 118.5 km during early
morning hours, 86 to 100 km during evening hours and 94 to

122 km during nighttime.

Table IV,1

Observed Regions of Occurrence of Type M,

Period of

Observation Altitudes of Observation km.
Early morning 110-112, 115-116, 117.2-118.5 ‘

Flight No. P 158

Morning _
Flight No. CO5.1u| ©7 = 93 (Continuously)

Noon . . :
Flight No. 10.uk 88.5 - 96.6 (Continuously)

Noon = ‘ .
Flight No. 10.45 87.5 - 110 (Contlnuously)

Kvening _

S ontCio. 10,13 | 86+5-88, 89.8-90.7, 92.2-93.2, 96.5-98.8
Night 9%-96.5, 97. 5 98.8, 109.2-110.5,

Flight No. 20.08 | 117.4-118.4, 119.2-120.2, 121.2-121.9
Night 102-103.2, 105.7-107.7, 111.3-115

FPlight No. C=21
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b) Shape of Irregularities

As seen on the telemetry chart medium scalesize CF
irregularities have very typical shapes, On the telemetry \
record during ascenﬁ the positive x-direction represénts
increasing altitude of the rocket while during descent it
represents decreasing altitude of the rocket. In each of the
figures 4.12 to 4,15 which are the typical telemetry records
the arrow gives the direction in which the density is ih—

creasing.

Fig. 4.12 shows the telemetry records of two daytime
flights at two different altitudes during the ascent.of the
rocket., It can be clearly seen from the records at 87.2, 90.5
and 89.% km that as one moves along the density gradient the
rise in electron density is much sharper than the fall. The
rises and falls in the density can be seen as sawtooth type
structures. At 91.5 km dutding flight 10,38 the shapes look

like distorted sawtooth structures.

Fig, 4,13 shows the telemetry records of flight 10.45

during ascent of the rocket. It can be seen that the irregueff\ !

larities at 87.5 and 90 km have distinct sawtooth type shape;,”
In the next three records at 93.6, 95.5 and 97.5 km the ampli-
tudes have become very small and the structures are not very

clear.

Fig. 4.14% shows the telcmetry records of flight 10.uk

during ascent as well descent of the rocket. During the
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ascent records at 90'and 92.5 km the rise in electron density
is much sharper than the fall. It may be noted here that
during the descent rccords at 9Q5 and 88.5 km the fall in

- the electron density is much sharper than the rise,

Fig. 4.15 shows the telemetry records of a nighttime
flight during the ascent of the rocket, Since the density
is increasing in negative y-direction in both the records the
orientations. of the structures are such that fhe fall in the

electron density is sharper than the rise.
c) Spectrum of Irregularities

For studying the spectra of irregularities power
spectral density has to be estimated at different wave numbers.
The procedure adopted for calculating the power spectral den-
sity from the main and duct channels has already been described
in chapter III. It may be recalled that whenever the fluctua-
tions in probe current were larger than about 10% the main
channel data were used andbin cases where fluctuations were
smaller, duct data were used; For determination of spectral
index, a power law of following type has been assumed
P(k) = C k"
where P(k) is the power contained in a wavenumber k, n 1is

the spectral index and C d1s a constant.

The results of spectrum analysis from the main chan-

nel data of threc different flight are shown in figs. 4.16 to
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4,18, Natural logarithms of RMS power and wave number k

have becn plbtted so that the slope of the spectrum can be
seen directly on the plots. As seen from the figures there-
are two important points to be noted for the type M, irregu-
larities : (i) the power associated with all scalesizes is
maximum around 90-91 km for all the three flights, (ii) with
increasing altitude the spectrum becomes flatter. The only
exception to the second point is:the spectrum at 91.2 km dur-
ing flight 10.45 which is slightly steeper as compared to the
spectrum at 90.0. The flattening of spectrum is more clearly

brought out in table IV,2,

Table IV,2

Spectral Index 'n' for Type Mc

Flight No. 10.43 Flight No. 10.44 Flight No. 10.45
Altitude - Altitude o Altitude ot
Gm) 7 (3m) 8 (Jam) 3
86.2 ~2.64 88.8 -2.40 87.5 -2.60
91,2 -2.22 90.5 -2.71 90.0 -1.37
92.2 -2.,00 92,0 ~1.54 91.2 -1.65

AS seen from the table the average spectral index for
type M, is -2.0 + 0.7. The spectral results presented above
were obtained from the main channcl data, Now the results
obtained from. the duct channel data, which was available for
flight 10.45, would be presented. Fig.k.19 to 4,21 show the

spectrum of type M, from 93.5 to 109 km.
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It can be seen from fig. %.19 that at 93.5 km the
power drops down rapidly from 300 meters to about 150 meters
below which there is a peak at 52.5 meters. Above 93.5 km
the variation of power is nearly similar upto about 105 km
bbYOﬂd whlch there is a peak around 100 meters at altltude
of 107 and 109 km. In all the figures 4,19 to 4.21 there ig
o distinct dip at 70 meters where smallest power is seen.

The peak at 52.5 meters observed at 93.5 km goes on bulldlng
i1l 105 km beyond which it starts becoming less prominent.
The peak at 52.5 meters incidently corresponds to ion eyclo-
tron frequency. The peaking at ion cyclotron frequency is
seen prominently around those regions where electrojet cur-

rents peak.
d) Amplitude of Irregularities

Tn order to see the variation of percentage amplitude
of d particular scalesize with altitude, the data for four
arbitrarily chosen scalesizes namely 50, 79, 100 and 150 meters
were analysed. The data of two daytime flights were chosen for
such ;tudy. The RMS power at. any desired wavelength is picked
up from the spectrum analysis data and is converted into per-

centage amplitude.

Fig. 4.22 shows the variation of percentage amplitude
of four scalesigzes mentioned above. Beyond 97.5 km amplitudes

were small and hence were not plotted. It can be clearly seen
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that all the four scalesizes behave in a similar fashion.

Peak amplitude is observed around 90 km for all the scale-
sizes. Above 90 km the reduction ih percentage amplitude is
mdre pronounced for 75 and 100 meter scalesizes., Fig., 4.23

- shows the similar plot for another daytime flight. Since this
flight (10.44+) did not have any duct amplifier onboard, the data
beyond 92 km could not be obtained because of the smallness of
the amplitudes above this height. It can be seen that thé
general behaviour of percentage amplitude is similar during
both the flights. It may be noted here that in both the cases,
the percentage ampli%ude peaks around 90 km for all the scale-

sizes,
¢) Variation of Prominent Scalesize with Altitude

If one looks back at figs. 4.12 to k.15 it can be as-
certained at every given altitude region there i1s a most promi-
nent scalesize., In order to see the variation of most prominent
scalesize, mathematically, a simple zcro crossings technique was
cmployed. Since the technique is described in chapter IIT only
the results are reported here. Table IV.,3 shows the most pro-
minent scalesizes-at three different altitudes as observed on

flight 10.45.

It can be seen from the above table that the most
prominent scale is smallest at 90 km in all tbe three cases
where moving averages are taken over 200, 250 and 300 metcrs.
On an average the most prominent scalesizcs at 87.5, 90 and

91.2 lm are 189, 70 and 85 meters, respectively.
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The evaluation of most prominent scalesize can also
be made by using a simple visual method. On the telemetry
chart one visually sees the combined effect of of frequency
and the amplitude and hence a plot of A2K versus K would give
the visually prominent scalesize. Fig. 4,24 shows such plots
4t five different altitudes during flight. 10.15. At 87.5 km
the parameter AQK peaks at a wavenumber which corresponds £o
166 meter scalesize. .At 90 km, 83 meters is the most promi-
nent scalesize and 40 meters is the next prominent scale-

size. At 91.2 km the most prominent scalesize is 130 meters.

Thus the results of zero crossings technlque and
visual method show that the most prominent scalesize is lar-
gest at 87.5 km, smallest at 90 km and 1S again large at 91.2
km. The irregularity data, of type Mg obtained on many other
flights also suggest that the most prominent scalesize at 90
km altitude is smallest as compared to most prominent scale-

sigzes 1in régions above and below this altitude.

4.3.2 Irregularities in 1-15 Meter Scalesize Range

(Small scale Cross~field~type S¢)
a) Regions of Occurrence

These irregularities usually co-~exist with type Mé.
The regions of occurrence of type SC as observed on seven
rocket flights, which typically represent early morning,

morning, noon, evening, and nighttime, are given in Table IV.h.
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Table IV.,3

Most prominent scalesize when - Average
Altitude -moving average 1s taken at of
Km. : : AB & C
A-200 mts B-250 mts C-300 mts  mts
87.5 185 185 197 _ 189
90.0 70 [ 76 70
91.2 76 8L 95 85

Table IV.h

Observed Regions of Occurrence of Type SC

Period of
Observation

Altitudes of Observation Km.

Barly morning

Flight No. P158

110-112,2, 115-116

Morning

Flight No. CO5.14

86-97 (Continuousiy)

Noon
Flight No.

104k 90-100 (Continuously)

Noon

Flight No. 10,45

90,8-100 (Continuougly)

97-98.8, 100.5-102, 103=104.5,

Bvening '

ight No. 10.
Flight No. 10.13 105.5-107, 132-134, 135.8-138.2 )
Night 9M.5-96.5, 102,2-103.6, 117.4=118. k%
Flight No. 20.08 11976212017, 122.3-123.5
Night 102-103.2, 105.7-107.7, 110.8-113.3

FPlight No. C-21

116.5"'1\170/5’, 118.5"11905

It can be seen from the table IV.4 that like type M., type S5,

and noon hours.

1

are observed continuously between 86 to 100 km during morning

- At other times these irregularities are also




1 30"

observed in isolated regilons. The éxtent of these isolated

regions varies from 110 to 116 km during early morning hours,
and 100 to 120 km during nighttime. During eveniﬁg time the
irregularities are observed in jsolated regions beloﬁyfoﬁ km

and around 135 km.

While the amplitude of type M, is as large as 35% the
amplitude of type S¢ is at best a few percent. Since these
irregularities appear as high frequency fluctuation on the

telemetry chart their shape could not be studied.
b) Spectrum of Irregularities

For studying the spectrum of these irregularities . an
eight channel sﬁectrum analyser was used. The central fre-
quency of the upper most channel (highest frequency), falls
beyond the intelligence bandwidth of 70 KHz SCO channel and,
therefore, the data from this channel was not used for esti-
mating the value of spectral index 'n'. The procedure for
arriving at the BMS power has been described earlier in chapter
ITII. Fig. 4.25 and .26 show A.CG. spectrum analyser outputs at
eight different altitudes for a typigal daytime flight No.10.n4.
Chahnel No.19 which is on the topside in both the figures,
shows the composite signal whereas channels 2 to 8 show the
output of seven filters in order of increasing centre frequency..
Tt can be secen from fig. %.25 that at 90 and 9%.5 km there is

hardly any signal in high frequency channels. Around 97.5 km
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the high frequency channels show up very weak signal and by
the time altitude of 99 kmis reached the signals in the high
frequency channels have become substantially strong. Fig.4.26
shows the next four consecutive cycles. At 100.5 and 102.5

km a lthough the signal in the high frequency channels is quite
strong it i1s still less than the corresponding iow frequency
signal. Beyond 102.5 km the signal of S, irregularities is
mixed with the signal of another type of irregularity, charac=
terized by type SS, which is believed to be generated due to,
streaming of electrons (Prakash et al., 1973). Type S, irre-
gularities have maximum amplitude around 105 km, an altitude
characterized by peaking of the electrojet gurrents, The
properties and conditions of generation of type SS irregula-
rities have been discussed by Prakash et al. (1971c, 1973) and
Rao (1976). ©Since the signal of type Ss is much stronger than
that of type Sc at 105 km during daytime, .type Sc cannot be

studied in pure form around this altitude.

Fig. 4.27 shows the A.C. spectrum analyser output of
S¢ irregularities at 96 km during another daytime flight,
No. 10.45. In this case also the topmost channel shows the
composite signal and the next eight channels are the filter
outputs. The last channel shows the main chammel output. also.
In the main channel one can clearly see the zeromarkef. The
data near the zeromarker should be ignored for all channels.

The total record length is nearly 2 Km and the spacing between
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two vertical lines is about 100 meters, The important point
to note nere is that the change of amplitude from low fre-
gquency channel to high frequency channcl does not follow the
same pattern for all irregularities. The nature of irregula-
rities is highly variable and it is likely that these represent

various phases of growth and decay of irregularities.

Tn order to get the quantitative estimate of the power
associated with each wavenumber]the eight filter outputs were
rectified with a time constant of 0,2 scc. The rectified sigm
nal was used to estimate the RMS power in arbitrary units. |
The details of the procedure adopted are given in chapter 111,
Since the output of only seven filters was usable and the cenfre
frequency of lowest filter was slightly shifted to the lower
side, the range of scalesizes which could be studied is 2 meters
to 17 meters., Since this band of 2-17 meters also falls in the
category of small scale irregularities this 1is discussed undef

the heading 1-19 meter irregularities.

Table IV.5 shows the RMS POWER at each wave number for
eight different altitudes during flight 10.44. The power given
in table IV.5 is plotted in figures 4.28 and &.29. It can be
seen from the table IV.5 and figs. 4.28 and 4.29 that at all
the altitudes power 1is concentrated mainly in higher wave- |
lengths and drops off rapidly towards smaller wavelengths.

And also the spectra become flatter with increasing altitudey
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The flattening of spectrum of typé 5, can be seen more

clearly “rom table IV,6. Power spectral estimates for

Table IV.,6
Flight 10,54+ - Spectral Index of 8§,

m ot Km ot
90.5 ~4,3 95 o 1t ~3.9
91.6 -3.7 96.0 ~3.9
92.8 -3.6 97.9 -3.0
M. -3.5 99,1 2,5

another daytime flight are given in table IV.7. During this
flight the spectrum of type Sc was much s teeper than that
during flight 10}MH with the result that the signal in highér
frequency channels was too small to be read accurately. ih
this case only four filter outputs were usable and hence the
spectrum was evaluated by using only four scalesizes. The
values given in table IV,7 are plotted in figs. W.30 and
4,31, As seen in table IV,7 and IV.5 it might appear that
the power is more in case of flight No. 10.45, especially at
lower wavelengths, but one must remember that the power osti-

mates are in arbitrary units and as .such the data of both the
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flights canhot be compared, The’general trend of the spectrum
as seen from fig. 4.30 and M.}T is similar to the trénd shown
during flight No. 10.44. The spectrum has a tendency to be-
come flatter with altitude; this becomes more evident froﬁ»

the spectral index values listed in table IV.8.

Table IV.8
Flight No, 10.45 - 8pectral Index of S

Altituds Spectral Altitude Spectral
e
90,8 541 Ok, 2 -5.0
91,4 4.9 9.1 bl
92,3 -4.9 96,6 -3,8
93.1 -4+.9 97.7 -3.7

As seen from teble IV.6 and IV.8 it appears that the spectral

index for type SC is best represented by a range of -1,

[TI Tonigation Irregularities Produced Through

Neutral Turbulence Mechanisn .

These irregularities were mostly observed in the
region below 80 km, The observations of irregularities were
again confined to 30-300 and 1-15 meters bands. ‘The results

of both these bands which represent medium and small scale
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irregularities, believed to be generated through neutral

turbulence mechanism, are reported here.

Lok, Irregularities in 30-300 Meter Scalesize Range

(Medium Scalesize Neutral Turbulence - Type Mn )

These irregularities can be seen on the main channely
of the L.F. output when their amplitude is applicable ( > 10%)
and on duct amplifier channel when their amplitude is Small.
The amplitude of these irregularities is larger in the lower
altitude region and is smaller 1in higher altitude region.
Around 60-70 km the maximum amplitude varies between 10 to
15% whereas around 80 km region the amplitudes are about

‘ )+"7% .

These irregularities were always observed during day-
time and were never ohserved on any of the evening or night~
time flights. BEven during daytime these irregularities were
not observed on all of the flights. The maximum vertical
extent of these irregularities igs about 4-5 km. Before the
development of the duct amplifier an extent of a kilometer
or so could only be observed because smaller amplitudes could

not be seen on the main channel record.

Fig. 4,32 shows the main channel (1) the duct channel
(2) and the composite nolse channel (3) records at 77.2 Km
during flight 10.45. Channel Nos. 1 and 2 refer to 30-300

meter irregularities and chanmnel No,3 refers to 1-15 meters




LeTOY A..r.mmﬁ

85 wwﬁ&ﬁwi@; e wé, BOUDES

5@ M

,Mm, MWNQQW.M

wﬁw ﬁ.m _n.@ww a2y sdiy o

Lrsuemie]




138

irregularities. The figure clearly shows that unlike type Md

these irregularities do not have any characteristic shape.

For computation of power spectrum, one case from main
channel data of flight 10.37 and three cases from the duct
data of flight 10.45 were chosen. The technique of Fourier

transform used ecarlier to evaluate the power spectrum of

Table 1IV.9

Power spectral density and percentage amplitude for M

irregularitiecs
Flight No. 1037 Main Chamnel Data Altitude 70.5 K.
Scale- Wave Power Spectral /
ﬁéigrs gg%bﬁgTER _ %Z?i%zze/MEIER ’Amplitud?
300.0 0.0209 1500.0 134200
150.0 0.0%19 919.0 110,34
100.0 0.0628 341.0 6.29
75.0 0.0838 71.8 2,89
60.0 0.1047 29.8 1.86
50.0 0.1257 18.7 1.48
¥2.9 0.1465 21.2 1457
37.5 0.1676 23.6 ‘ 1,66
33.3 0.1887 20.0 1.53
30.0 0.2094% 12,4 1.20 A
|

type MC is used here also, Table IV.9 and IV.10 show the

results of power spectral analysis;‘ It is evident from table
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IV.9 that around 70.5 Km the percentage amplitude is appre--

ciable in the entire band and even for a scalesize of 30

meters the percentage amplitude is about 1.5%. The results
of higher altitudes given in table IV.10 show that Qverall
amplitudes are smaller in higher regions, Another‘impoftant
feature bhrought out from tables IV,9 and IV.10 is fhat at
higher altitudes (77, 79.5 and 81.2 km) the smaller scale-
sizes have very little amplitude and only larger scalesizes'

have larger amplitudes.

Fig. 4+.33 shows the spectrum at 70.9 km for flight
10.37. The power is maximuwn at 300 meters and falls off slow-
1y.upto 106 meters beyond which the fall is rapid. Using the
power law described earlier the spectral index value turns out

to be -2.32 for this altitude.

Fig. 4%.34% shows the spectra at 77, 79.5 and 81.2 km
for flight 10.45. Except at 79.5 km where the power assbciafr
ted with 300 meter scalesize is large the general nature'of’
all the curves is same. The spectral index values for 77, 79.5 |
and 81.2 km altitudes turn out to be -2.72, -2.92 and —3.07;‘ k
respectively. An important point to be noted here is that
althougl the power at higher éltitudes is more as coMﬁaréd tbﬁ
that at lower altitudes, the percentage amplitude at higher |
altitudes is less because of higher electron densiﬁy prevail~

ing there.
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ERECTRUM OF 30300 METER IRREGULARITIES
PODUCED DUE TO NETURAL TURBULENCE
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Fig. 4.34 Spectrum of type Mn at three different altitudes
obtained from duct data of £light 10.45.
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The average value of spectral index for all the four

altitudes discussed above is -2.78.

L,2 Irregularities in 1-15 Meter Scalesize Range

(Small Scalesize Neutral Turbulence - Type S,)

The region of occurrence and time of observation of
these irregularities is same as that of type Mh. The ampli-
tude of these irregularities is much smaller than type M, |
and is of the order of 1-2%., TFig. 4%.35 shows the A.C. spec-
trum analyser output at 78.5 km. during flight 10.4%, The
topmost channel is the composite signal aml the next seven
channels are the}filter outputs., It can be seen that the
‘appearnce of the irregularities is very sudden as the signal
appcars abruptly in all the chamnels. Fig. 4.36 shows the
spectrum for another daytime flight No, 10.45. In this case
also the topmost channel is the composite Signal, next eight
channels are filter outputs and the last channel is the main
channel of L.P. amplifier, The data near the gzero markers,
which are clearly seen on main as well as composite signal
channels, should.be ignored. The total record length is about
2 km and irregularities are observed only in about oné km
region., The appearance and disappearance of ifregularities

are equally abrupt.

For estimating the power spectrum of these irregula-

rities the A.C, signal of each filter was rectified and



Figa 4635

Telemetry record showing the presence of irregularities
of type Sn at 78,5 km during flight 10.44.
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integrated for about 0.2 sec. The réctified data were used

for estimating the power. Table IV,11 gives the rms power at
scalesizes varying between 2.0% and 17.24 mts.for four different
flights. We again note here that the power is in arbitrary
units and hence a flight to flight comparison should not be
made. During one flight the different power values may be

compared.

Fig., W4.37 shows the variation of rms power with wave-
number gt 78.5 km during flight No., 10.44 and at 77.0 kn
during flight No. 10.45. Since the power in both these cases
is not comparable only spectral index will be reported., The
value of spectral index during flight No., 10,44 at 78.95 km is

-2.65 and during flight No. 10.4% at 77,0 km is =2.57.

Fig. 4.38 shows the variation of power with wavenumber
for the morning time. Flight No. CO05.14. The values of spec-

tral index obtained at each altitude are listed in table IV,12.

Table IV, 12

Flight CO05.1k Spectral Index of S

: Spectral . Spectral
Alt%Fude Index Altitude Index
1 tpt Km 1t
6109 "'1-h‘ 66.2 “"1.0
63.9 ~1.1 68.2 ~0.9
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Fig. 4.39 shows the spectra of §, during another daytime
flight No. 10.37 at 61.4%, 63.0 and 70.3 km. The power
decreases with increasing wavenunber almost at the same

rate in all the three cases. The spectral index values at
61.%, 63.0 and 70.3 km are -2.1, =2.1 and ~2.2, respectively.
The average spectral index value for all the above mentioned
flights for all the heights considered turns out to be -1,77

for type Sn'
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CHAPTER = V

RESUITS DURING PERIODS OF COUNTER EIECTROJET

5 Experimental Results During Counter Electroijet

Two Langmuir probe pay loads were flown onboard Centaur
rockets from Thumba during the periods of counter electrojet.
The first rocket flight No. C05.16 was made on August 17, 1972
at 1532 Hrs I.S.T. and the second numbered as C-22 was made on
April 21, 1975 at 1351 Hrs. I.S.T. 1In this section the ground
based magnetometer and ionosonde records during the flight periods

would be presented.

The magnetic field variations at Trivandrum (0°4718)
and Alibagh (24°36'N) have been studied. As suggested by
Osborne (1964) and Kane (1973c¢c), in order to restrict to

ionospheric effects only, a station outside the influence of
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electrojet has been chosen., Fig. 5;1‘shows the variation of
HA, HT end HT - HA for 17th August 1972, The day was magne-
tically quiet day with an Ap index of 6, The H wvalue at
Alibagh gradually starts building up in the morning and attains
a maximum around 1300 Hrs and then gradually drops down to
nighttime base level. In case of Trivendrum the maximum occurs
.around 1000 Hrs and thereafter the field gradually decreases

in steps upto 1300 Hrs after‘which the field suddenly drops down
to nighttime base level, HT - HA curve shows a maximug of

100 gamma above the baselevel at 1000 Hfs. The largest depres-
sion of magnetic field is about 35 gamma and incidently occurs

around the time of rocket launch.

Thumba ionograms taken at the flight time showed that
g-type of sporadic-E was absent and a strong blanketing ; Es
was present upto 4.8 MHz. On the higher frequency side the spo-
radic-BE traceAlooks to be degenerated into a transparent type
&xtending upto 6.0 MHz. Fig. 5.2 shows two ionograms taken at
1502 and 1516 Hrs L.T. i.e. 16 and 30 minutes before the rocket
flight, 1In these ionograms also a blanketing - ES can be seen

upto k.2 MHz and u« transparent type - E, upto 5.8 MHz or so.

Fig. 5.3 shows the magnetic field variations for 21st
April 1975 which is a slightly disturbed day with an Ap index
of 23. In this case the largest depression in Hp - Hy curve
is around 1430 Hrs. At the time of rocket launch the Hp - Hy

curve is about 12 gamma below the base level.
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Fig. %4 shows: four ionograms which were taken at

Thumba at times close to dépression in HI - H, curve, The
ES_Q is absent from all the four ionograms and instead a
blanke ting type of sporadic-E is present. In the iohogram

taken at 1342 Hrs the trace is diffused.
5:1.1 Electron Density and Its Gradient

Elcctron density profiles derived from the Langmuir
probe current are shown in fig. 5.5. 1In the case of flight
No. C05.16 a sharp layer of ionization can be seen at about
94 km. It may be noted that during normal electrojet period
no such layer was ever observed. The peak electron density
in the layer is sbout 107 cm™3. In case of flight No, C=22
also the sharp layer is present but its thickness is smaller
than the one observed on C0%.16., Although the shape of boﬁh
the profiles is similar there appears a displacement of about
2 km. This is.probably due to error in the trajectory data..
Fig, 5.6 shows the nature of electron density gradients during
both these flights. During the flight No, C05.16 there are
positive gradients upto about 9% km; The strongest gradient
is seen around 88 km where (%) becomes 1.:53: Between 93 and
94 km there is a sharp increase in the positivevdemsity gra-
dient. The region of positive gradient exists upto 95 km.
Weak negative gradients afe observed in the region lying bet-
ween 95 and 98 km. Beyond 100 km the.ambient density remalins

fairly constant.
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The lower curve in fig. 5.6 shows the nature of
gradients during flight C-22. The positive gradients are
very weak in 80-82 km region and increase rapidly'ubto 86 km
where they beconme stecpest., In the region of 91 knm also the
gradients are very steep and they give rise to a sharp layer
on the density profile, The region of 92 to 93 km shows the
presence of negative gradients. Beyond 93 km the gradient
becomes positive exhibiting a minor peak at 95 km above

which the émbient density remains fairly constant.

5.7.2 Irrecgularities due to Cross-field Instability

Mechanism

As shown in chapter IV for normal clectrojet the CF
irregularities in 30-300 meter scalesigze range have certaih
characteristic properties such as region of occurrence,
relationship with gradient, shape and spectrum etc. On the
basis of these properties the irregularities can be identi-
fied unambiguously. C F irrcgularitics thus identified during

the period of counter electrojet are described below.

Unlike the case of normal electrojet the CF irregula-
rities were not observed in the region of positive density
gradient. They were instead observed in the regions of
negative density gradients on both the counter clectrojet
flights. Negative density gradient regions were observed

around 97 and 92 km for flights CO5.16 and G-22, respectively
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(fig. 5.6). Fig. 5.7 shows the nature of'CF irregularities
obscrved in the regions of negative gradiénts on both these
occasions., These irrcgularities have scalesizes of thé order 
of many tens of meters which are typical Scalesizes of CF
irregularities., It has been ghown in chapter IV and haS also
been rceported carlier (Prakash et al. 1973)’that CF irregula-
rities in 30-~300 metef range have typical saw@ooth structures
and the direction of steepening is such thatfés one moves
along the density gradient the rise in electron density is
much sharper than the fall, Fig. 5.7 shows the nature df
steepening as observed on two counter electfojet flights, In
fig. 5.7 (a) the density is increasing in positive y-direction
whereas in 5.7 (b) the density is increasing in negative
y-direction. The direction of density gradient is marked’by.
an arrow in each case. It can be seecn from both paﬁts of

fig. 5.7 that.as one goes along the density'gradient the risc
in electron density is much sharper tﬁan the fali; In Cése of
fig. 9.7 (a)’the region of strongest negative gradient ig
encountered when voltage sweep was being applied to the sensor
with the resuit‘that many switchings are seen on the recordQ

Yet the steepening can hardly be missed.
5¢7.3 Irregularities Due to Neutral Turbulence Mechanism

The ionisation irregularities generatced due to
neutral turbulence mechanism about which we have already

discussed in chapters II and IV are found to be present during
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periods of counter electrojet also. The region of occurrence
of such irregularities is again confined to lower altitudes
where collisional effects are dominant. These irrcgularities
were observed both in medium as well as small scalesize ranges.
Fig. 5.68(a) shows the main channel output of the Langmuir
probe in 66,2 km. region for flighﬁ 005.16; It can be clearly
seen from the figure that, unlike‘CF.irregularities Mn irre=-
gularities (medium scalesize due to neutral turbulence) do

not have any typical shape. Fig. 5.8(b) shows the M, irre-
gularities for the other flight viz. C-22. On this flight a
duct amplifier was also flown and the output of the same is
shown in the second channel. Since in case of =22 the
amplitude of Mﬁ is swall duct amplifier data could have been
very useful. But unfortunately the deflection kept for duct
amplifier channel was very small hence,as it is, duct amplifier
output is not very much different from main channel output.
After a rerecording this data can be used in analysis. Presen-
tation of this data is only to éhow the existence of M irre-

gularities during flight C-22.

» Table V.1 shows the results of power spectral analysis
of M, irregularities observed at 66.2 km during flight C0%5.16.
It can be scen from the teble that amplitudes of M, irregula-
rities during counter eclectrojet are of the same order as the
corresponding amplitudes during period of normal electrojet

as scen in chapter IV,
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Table V,1

Results of 30-300 Meter Irregularities Generated Through
Neutral Turbulence Mechanism During the Period of COuntef~

electrojet

Flight No. - C05.16 |
- Time - 1532 HRS. I.5.T.

Altitude - 66.2 km.
: . n Net’
Wave No. Scale Size %giggggl % _ IAmpli-
per Meter METERS Var/wgve/Meter Ampiltgde tugg_3
0.0524 120 734 545 8.6
0.1047 60 33.9 3.7 5.8
0.1571 L0 1901 2,79 bl
0,209k 30 19.2 2.79 bk
Average Ambient density at €66.2 km = 0.1571 x 103 om'3[
Spectral  Index = ~1.04

Table V.1 shows the wavenumber, scalesigze, spectral density,
percentage amplitude and net (total) amplitude for M, irre-

gularities during counter electrojet. In this case also

some sweep portion has contaminated the data which, therefore,

has not been used in the analysis. If one refers back to fig
5.8 (a) the useful data can be spotted as the one lying bet-

ween two vertical arrows; the data lying before the first
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arrow contains sweep and hence has nof been analysed. Since
the useful data length was only 500 meters, scalesizes upﬁo

120 meters oﬁly have been studied. As there was no duct ampli-
fier onboard, information regarding amplitudes could not be
obtained for higher altitudes., It can'be Seen,frquthe

table V.1 that the power is.maXimumvin largest scalesize i.e.
120 meters and decreaseé steadiiy'upto 30’meters. The value

of spectral index turns out to be -1.04,

Figi 539 shows three consecutive records of spectrum
analyser output. In the first cycle which is the record at

59.9 km it can be scen that power is small in low freguency

channels and gradually increases towards higher frequency chan-

nels., The next cycle shows that more power is getting accumu-
lated in lower frequency chamnels. The beginning of the third
cycle shows a marked increase 1n power imvall channels with
the result that the noise amplifier output 1is saturated:during
this portion of the cycle; No analysis of the saturated data
was attempted. After a gap of 0.3 seconds or so the amplitudes
came down to their normal values. In the last portion of the
third cycle it can be scen that power is more in lower fre-
quencies and in high frequency channels, only weak signal is
present. Thus in a distance of 8 km or so the spectrﬁm'has
changed from a flatter one to a steeper one. For estimaﬁing
the péwer spectrum of irregularities each filter output was

rectified and integrated for 0.2 sec, The results of spectrum
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Table V.. 2
Power Spectral Density Estimates for Small Scale Irregula-b

rities Produced Due to Neutral Turbulence

R M S POWER IN ARBITRARY UNITS

Wave Scale
aber i 599 O3 5 799

KM KM KM

0. 3644 1724 133.2 370.7 1505.6 293.0

0.5194% 12.70 41.9 151.5 194.7 10761

0.7330 8.57  69.0  132.6 WE.L 1104

1.0807 5.8 S 113.2 1214 160.2 96.1

1.5080 4.17 127.1 113.0 85,2 45,8

2.1656 2,90 56,0 45,8 22,7 15.7

3.0830 2.04 81.6 57,2 %, 9 13,1
Table V. 3

Variation of Spectral Index 'n' with Altitude for Smallscale
Irregularities Due to Neutrel Turbulence.

Flight No,CO 5.16

Altitude Spectral Index

tpt
59.9 KM ~0,02
63.4 KM ~0.53
67.5 KM T ~1.69

70,9 KM o a13
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analysis of 1-15 meter irregularities are listed in table

V.2 for four different altitudes. The lower three altitudes
are the ones for which the A4.C. spectrum analyser records |
have been shown in fig., 5.9. The RIMS power whiéh is expressed
in arbitrary units in téble V.2 is plotted in fig. 5,10. The
spectra at 59.9 and 63.4 km are relatively flatter than the
spectra at 67.2 and 70,9 kn. The spectral index values for
211 the altitudes are listed in table V.3. The average value

for all the heights is ~0.88.°

The small scale irregularities due to neutral tﬁrbu~
lence mechanism were observed on flight No. ¢-22 also. The
1ast channel of the lower diagrams of fig. 5.8 shows telemctry
record of flight C-22, The presence of irregularities can be
clearly seen there but as mentioned earlier no further analysis

was possible at the time of preparation of this dissertation.

5.1.% Irregularities due to Streaming Tnstability

Mechanism

Irregularities due to streaming'instabilitiés were
observed in 106-112 km region during flight C05.16. These
irregularitics are similar in nature‘to type SS observed by
Prakash ¢t al. (1973) during period of normal electrojet., The

results of this type of irregularity will not be discusscd here

as they have been discussed by Rao (1976).
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5.1.5 Trregularities Due to. Unknown Mechanism

During flight No, C05,16 wavelike pertﬁrbations with
wavelengths falling under medium scaleslze rangc were obs er-
ved around 94.2 km. The region of 94 km altitude is chara-
cterigzed by positive density gradients, The upper portion
of fig. 5.11 shows these structures as seen on the main
channel of the langmuir probe output. The gradients in this
region are very strong and especially so at an altitude WDiCh
is marked by an arrow. Around the arrow the density increases
so sharply that the amplifier goes into lower gain position.
Unlike type MC9 these irregularities do not have any typical
shape. The lower portion of fig. 5.117 shows the telemetry
oﬁtput of 70-1000. Hz chanﬁel. It can be secn that weak small

seale irregularities are also present at 9% km altitude.

Table V.4 gives the RMS power spectral density, per—k
dentage amplitude and total amplitude for different wave-
numbers. It can be seen from table V.4 that the power is
maximum in larger scalesizes and decreases rapidly with
scalesize. The stecpness of the spectrum is characterized

by the spectral index n = -2.83.

Some of the preliminary results of flight Cc05,16 were

reported in an carlier commuication by Prakash et al., (1976).
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Table V.

I

Results of 30-300 Meter Irregularities Generated Due to

Unknown Mechanism During Counter Electrojet

Flight

~ C09.16

Altitude - 94,2 km

Time - 1532 Hrs. I.S.T.

Net Ampli-

Wave No Scale Spectral
< *  Size Density Am lftude tude_5
Per Meter METERS Var/Wave/METER D cm
0.0349 180 0,532 x 107 39,9 0.230 x 107
0.0698 90 0.130 % 107 19.7 0.11% x 107
0.1047 60 0.363 x 108 104 0.602 x 10l+
8 | | e
0.1396 L5 0.141 x 10 6.5 0.375 x 10
0.1745 36 0.633 x 107 4,3 - 0.252 x~1o“,
. _ - — -
0, 2094 30 0.376 x 10 3.3 0,194 x 10

Average ambient density at 94.2 km

0.5785 x 105 Cm-3
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CHAPTERE - WI

DISCUSSION. AND CONCLUSIONS -

6.1 Irregularities Due to Cross-field Mechanism

6141 30~300 Meter CF Irregularities During Normal
Blectrojet

It is well known that the excitation of cross~field

instability takes place in a region where the electric field

~and the electron density gradients are in the same direction.

The electric field in the case of electrojet is the vertical
Hall polarization field and, in general, points vertically
upwards during day andvevening times and downwards during

nighttime.

Our observations regarding the regions of occurrence

of type M, show that during morning and noonhour3~the
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irregularities are continuously observed in a region between

87 and 110 km. During evening, night and early morning hours

we observe irregularities in isolated regions of 86-100, 94-122
and 110-118.5 km respectively. Our observations'regéfding the
electron density gradients show that during morning and noon
hours positive gradients are present upto 100 km altitude. In
the evening hours positive gradients are present below 100_km \
snd at 133 and 137 km. During night time both positive and
negative gradients are present between 85 and 130’km. During
early morning hours also both types of gradients are present

between 107 and 120 km altitude.

Now if one compares the regions of occurrence of type

: Mc and the nature.of electron density gradient (Table IV,

and fig., 4.7 - 4.11) it can be easily observed that irregula-
rities are present in positive density gradient region during
morning, noon and evening houfs and, are present in negative
density gradient regions daring night and early morning hours}
Agdain if one compares the direction of electron density gradient;
inAregions where irregularities are observed at a particular
time, with the direction of Hall polarization field at that time
it is found that both are always parallel. Since the direétion
of earth's magnetic field is N-S, our observations regarding

the regions of occurrence strongly suggest that the observed
irregularities are generated through cross-field instability

mechanism,
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Our observations have consistently shown that these
irregulerities have sawtooth type shape. Observations during
daytime, eveningtime and nighttime, and during ascent as well
as descent of the rocket show that as one moves along the
direction of density gradient the rise in electron dénsity
is much sharper than the fall. We thus conclude that type Mc‘
have sawtooth shapes in the vertical direction and the steep-
ening is always in the direction of zero order density |

gradient.

Recently Rognlien and Weinstock (1974) have tried to
explain these sawtooth structures observed by us by using a
2=-dimensional non-linear theory of cross~-field instability.
The non-linear terms in t he momentum transfer equations are
the inertia and pressure terms. The non-linearity of inertia
and pressure terms is small in linear regime and hence it was
reasonably assumed by Rognlien and Weinstock (1974) that it
would be small in non-linear regime also. The othervnon~linéar
terms are due to divergence of ion and electron flux in the’
continuity equation. A comparison of the electron and the ion
term indicates that electron non-linearity is at least an order

of magnitude larger than the ion non-linearity. Thus Rognlien

- —p
and Weinstock identified ( Vo -UY ) as the strongest non-

linearity. This term is vanishingly small for one dimensional
case and hence was essentially ignored in some earlier analyses

for one dimensional perturbationsfi Sato and Tsuda (1967) and
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Rogister (1972) l . The important two dimensional noh»linearity
cascades down the energy to smaller scalesizes by mode coupling
and in the final state a spectrum of dens ity and potential fluc-
tuations over a range of wavelengths is obtained which’includes

both linearly stable and unstable modes.

Based on the above theory Rognlien and weinstock (1974)

carried out numerical calculations for the nighttime electfojet

over Thumba, India. The nighttime parameters at 105 km, which
they used in their calculations seem to be quite reasonable.

The theory of Rognlien and Weinstock (1974) qualitatively ex-
plainsour nighttime observations of shape of CF irregularities.
However, in their recent attempt to extend the theory to daytime
Rognlien and Weinstock (1975) unfortunately carried out the
numerical calculations for an altitude of 109 km during daytime
also. It is clearly shown from our results that during daytimé””
such sawtooth structures are observed only upto 92-93 km alti-
tude and the most“prominent ones are observed around 90 ku.

Beyond 94 km or so the amplitude of irregularities becomes 50

small that the shapes are not descernible. Even after givihg

the benefit of doubt regarding the shape of irregularities : .
around 105 km, the saturation amplltudes of - 10% predicted by

the theory cannot be reconciled by our Obuerth]OHS which show

that the amplitudes at that altitudes are much smaller thdﬁ 1%.

Thus during daytime our observed sawtooth shapes around 90 km

cannot be explained by the theory as it is. Even for 105 km
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» the theory predicts saturation ampliﬁudes which are an order
of magnitudes more than observed by us. In view of 1arge
difference in parameters at 90 and 105 kuw altitudes it is
highly desirable to have the calculations redone for parameter

values prevailing at 90 km altitude.

Our results about the spectrum of medium scale CF
irregularities show that the average spectral index for ﬂqese

irregularities lies between -2.0 % 0.7.

Tsuda and Sato (1968) made computer study of the evo-
lution of cross-field instability in the E-region for a wave-
length range of 5 to 100 meters, a range quite close to the one
being discussed here, Tsuda and Sato (1963) found a spectral
index of =-3.0, Ottﬁand Farley (1974%) uéing the dimensional
analysis showed that for cross~field'instability the spectral
index is =3.0 The experimeﬁtal observations of cross-field
instability in 1aboratbry plasma yielded a value of -3.8 (Saxena
and John, 1975). However, it may be pointed out that in the
laboratory experiments the parameter regime was slightly dif-
ferent as compared to the iénospheric case, In laboratdry plasma’
the regime is characterized by the condition M/ L ;3,§li/)h;
and the growth rate is of the order of real frequency because
of which the excited modes are dispersive in nafure. Whereas
in the case of ionospheric plasma A /L ~ %/fle and the modes

are non-dispersive in nature. Furthermore, the spectra observed
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by Saxena and John (1975) is based on the observétions of only
few modes. The values of spectral index obtaihedkby‘Tsuda
and Sato (1968) and Ott and Farley (1974) are in excellent

agreement with our observations.

Our observations of percentage amplitude of irregula-
rities suggest that all the scalesizes in the band of 30 to

300 meters have maximum amplitude around 90-91 km,

The physical mechanisms responsible for amplitude.

saturation of cross-field instability are not'very"weilgunderﬁ;jg

stood as yet. It can however, be assumed that the saturation

amplitudes depend on growth and decay processes of the irregu-
larities. The 1ineér dispersion relation given by Fejer et al;
(1975) which is the modified form of earlier dispersion rela-
tions given by Rogister and D'Angelo (1970) and‘Sudan'et al.
(1973), has been used for the calculation of net growth rate,

The grow.h rate | dis given by

2,

oy . R N Y/ - ;
1ty RVANT s YO Ve,
N )—;—Z/‘J E’)(‘ ({ ( I+ yj ) /02 Cl:) . JZI' L U 7"%_.)_. ‘ N(

where ')Q))){ are the electron and ion collision frequencies

with neutrals
'S . . .
JLQ/jzi are the electron ion gyrofrequencies.,
ﬁb is the wavenumber

\&x is the electron drift velocity relative to lons
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| is the density gradient scalelength

N, is the ambient electron density and

\P is Vo )’)L / (Ze,,(z <

The first and third terms on the R.H.S. are the two-streamn
and cross-field driving terms; the second and fourth terms

are the diffusion and recombination damping temms, reSpectivély.

The net growﬁh rate [ was calculated at each kilo-
meter between 88 and 108 km altitudes for four assumed values
of pfimary electric field. The Chapman formula was used to |
calculate the collision frequencies, the neutral gas parametéré
were taken from atmospheric models of CIRA (1975) and_JaQCh}a,
(1971)., The gradient scalelength was eStimated using the
procedure already mentioned in section #;2; _For caleculation

of V., the electron drift velocity relative to ions, only

d
electron drift velocity was calculated and.ﬁhe ion drift velo-
citx which is much smalleg,ﬁas neglected, ' The ion-acoustic

speed was taken as 360 m/s. The recombination coefficient

was taken as 0.5 x 1077 cm3/sec | Rishbeth (1968) | . The

magnetic field value over Thumba was taken as 0.378 Gauss.

Fig. 6.7 to 64+ show the variation of net growth rate
with altitude for two daytime flights namely 10.44 and 10.45
using CIRA (1975) and Jacchia (1971) models. It is found thét
the net growth rate is not significantly different for both:

the models. The increase in primary electric field value
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increases the growth rate very rapidiy for all the four scale-
sizes, At a fixed primary electric field.valﬁe‘the growth rate
at any given altitude increases with scalésizé; though the
‘increase is very little. All the scalesizes have maximﬁm

growth rate at 97 km,

Now if one compares the growth rates with the actual
observed amplitude variation with altitude (Fig. 5.1 - 5.4 and
FPig., W.22 -~ 4,23) it is found that both the peaks are Sépaya- |
ted by 6-7 km. Thus we see that even if the above argument~
that higher growth rate corresponds to higher saturation ampli-
- tude holds, the observed peaking does not coincide with theore-
tical estimates. The theoretically calculat ed grbwth rate peaks
at an altitude of 97 km which is characterized by maximumkoffvd.
At 97 km the parameter \%* becomes unity and hence maximum Vg4
is obtaiged. Our experimentally observed amplitudes, on the
other hand,'maximize at an altitude of 90 km which is characteri-
zed by steepest gradients. Thus we feel that the role played
by the density gradients is much more important than what is

brought out by the theory.

Our observations regarding the variation of most pro-
minent scalesize with altitude, show that around 90 km alti-
tude the most prominent scalesize is smallest (= 70 meters).
Above and below 90 km altitude the most prominentvscalesize

assumes larger values.
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Since the generation of irregularities is basically
governed by the electric fields, density gradients and colli-
sion frequencies etc., the altitude variétion of’these para-
meters would ultimately decide the most prominent scalesize
at any altitude. But our analysis of most promineht scale~
size and density gradients shows that the most prominent scale-
gsize is best correlated with the parameter L, the density

gradient scalelength.

6.7.2 30-300 Meter CF Irregularities During

Counter Electrojet

Before discussing the nature of irregularities, during
counter electrojet the phenomenon of counter electrojet would

be briefly discussed.
a) Counter Electrojet

The observations of HT - HA for both the flights namely;
C05.16 and C-22 show a substantial depression below the base-
line and e specially so for the flight No. C05.16 which was con-
ducted around the period of maximum depression (of about 35

gamma) .

The ionosonde observations, taken around flight periods,
at Thumba show that during both the flight the Es—q was comple-
tely absent and instead a blanketing type of sporadic E was

present.
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The conditions of magneti@ field during both the
flights is same as observed by Gouin (1962) and Gouin and
Mayaud (1967). The depressions.during both the flights were
observed in afternoon hours which as suggested by Rastogil
(1974) is the most prcbable time of occurrence of éounter

electrojet.

The disappearance of Es_q and appearance of Es~q are
also in agreement with the observations of Bhargava and

Subrahmanyan (1964) and Cohen et al., (1962).

The observations of magnetic field and sporadic-BE very
strongly suggest that both the periods during which rockets

were launched were counter electrojet periods.

Our observations of electron density and its gradient
show that a sharp 1ayef of ionization is presenﬁ at about 94
xm during flight No. CO 5.16. During the other flight also
the presence of such layer was observed at 91 km. In addition,
we have observed regions of negative density gradients during
daytime at 95.7 - 98.8 km during flight No. CO 5.16 and at
91.3 - 93.5 km during flight No. C-22. |

b) 30-300 Meter Irregularities Due to Cross-field

Tnstability Mechanism During Counter Electrojet

As mentioned earlier in chapter V our studies during

counter electrojet show that type Mg irregularities are
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present in negative density gradient regions during both the
flights. These irregularities'are'charéctefiZed by the saw-
tooth structures with the steepeningJih'ﬁhe direction of zero

order density gradient.

The irregularities of type MC were not observed in
the positive density gradient region during the period of
counter electrojet. The regions of negative density gradients
usually do not exist around noon hours on normal electrojet
days. On the basis of occurrence of fype Mc is negative
gradient region and their absence in the positive gradient
region, we conclude that the directioh of Hall polarigzation
field must have got reversed from vertically upwards to ver-

tically downwards.

6.1.3 1-15 Meter CF Irregularities During Normal

‘Blectrojet

Rocket observations of 1-15 meter CF irregularities
show that during different times of the day the irregularities
are present in different altitude regions. The regions of
occurrence of these irregularities are same as that of type

(quler IV.1 and IV.4) which are generated through cross-
fleld instability mechanism. Thus we beligve that the 1thab1—
1lity producing thesc irrcgularities (type SC) must be basically

driven by cross-~ficld instability mecchanism.
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The regions of occurrence of type 6 whlch were found
from rocket studies at Thumba (Prakash et al 1973) were '
recently confirmed by Fegor et al. (1975) : Us1nu & VHE radar'
at 50 MHz with a modified range tlme 1nten31ty dlSplay5 Fejer
et al. (1975) observed that type II echoes are TGCGlVLQ fron
different}height regions during dlfferent t;mes of the day.

" Pig. 6.5 shows the intensity of VHF backscatter'radaffeigﬁql
et Jicamarca, Peru, for 18-19 Februaryk1971edurihg‘differeht \
times of the day. These are the backsgattered signals from

3-meter type II irregularities.

Now the regions of occurrence of type S, (table IV.L4)
‘would be compared with those of type II (Fig. 6.5) during 

different periods.

Noontime : Rocket results show that irregularities are con-

?tlnuously observed between 90 and 110 km altltudeu.ﬂ\ 

Radar results slow that fron 1230 Hrs upto 1700
Hrs 1rregular1t1es are ocbserved as one layer

between 93 and 110 km.

Eveningtime:Rocket results show that irregularities are obser-

ved in isolated regions below 105 km and around
135 km. Radar results show that during eveming
and, sometimes, diring afternoon hours more than
one layer is observed. At 1730 Hrs and 1800 Hrs

one can see two layers of ionization, a strong



. E.ifml ‘ﬁ *’5.

JICAMABRUA
{19 February 1971

O 20 40 €0
Relotive Echo Power (dB) =~

Backscatterel power at 50 50 MHz from differant
raglong of the electrojet. The times are local
cimes {75°W or BST). Fejer et al {(1975).




165

layer around 105 km and a weak one around 93 km.
At 1900 Hrs two distinct 1ayers can be seen one

around 103 km and the other around 130 kmn.

Nighttime: Rocket results show that the irrégularities are
observed in many discrete regions between 94 and
120 km. Radar results show that during nighttime 
the region of irfegularities is an extended oﬁe
ranging from 93 xm to 135 km. It can be seen
from records at 2200, 2230, 0230 and 0300 Hrs
(fig. 6.5) that during nighttime the type T sigs
nals come from discrete regions. |

Early morn- Rocket results show that the irregularities are
ing hours:

observed in three isolated regions around 0559 Hrs.
Radar results at 0600 Hrs show that the irregula—
rities are present in three prominent layers bet-

ween 93 and 113 km.

‘The above observations support the findings of rocket
borne studies that 3-meter type I1 irregularities are genq;ated
in the same region'WEeré CF’irregularities afé generat ed. vThis
proves that the typg TT echoes are generated by CF irregulari-

ties as suggested earlier, by Prakash et al. (1971c).

The generation of scalesizes as small as few meters
cannot be explained on the basis of linear theories of cross-
field instability. Such small scalesizes get heavily damped

by electron thermal diffusion across the gcomagnetic field lines.
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There appcears to be no other linear instability which can
explain the obscrvations of such small scalesizes in the

lowcr B-region where the drift velocity of electrons is
smaller than the ion-acoustic velocity. One dimensional non-
lincar computer calculations were resorted to by Sato“and
Teude (1967). Later, Rogister (1972) did one dimensional non-
linear analysis, analytically. In such non-linear analyses,
energy is transferred from large wavelength linearly stable
mode to small wavelengths. One dimensional analysis requires
that long wavelengths should grow gufficiently ( oz 10%) to

be able to transfer cnergy to small wavelengths; Sudan et al.’
(1973) showed that if a two aimensional mode coupling mecha-
nism is invoked the energy can be trans ferred from long to
small wavelengths cven when the amplitude of the former 1s

as small as a few percent. Sudan et al,'s theory involves the
coupling between the vertical and horizontal wavenumbers, an
effect which gets excluded when one dimensional analysis 1s

performed,

Based on the theory of Sudan et al. (1973) the author
has calculated the non-linear growth rate of small scalesizes
in the vertical direction in an altitude range of 86 to 109 km.
The calculation was intended to determine the smallest unstable
scalesize for the conditions prevailing in the electrojet over
Thumba. The collision frequencies which were used in the cal-

culations were obtained by using Chapman's formula and Jacchia
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(4971) model of neutral atmospheré. The drift velocities were
taken from Prakash et al. (1971c¢c) who carried out simultaneous
experiments of Langmulr probe, Resonance ﬁrobe and magneto-
meter. In this calculation one has to assume certain'ampli_
tude for large wavelength in horizontdl E—W'dirocﬂion. We
have performed the calculations with threc different valucs of
percentage amplitude for large wavclength of 100 meters. In
the first calculation the actual awplitudes of 100 meter scaié~
size as observed by us at different altitudes (using main chan—
nel and duct data during flight 10.45) were substituted; this
is reasonable since any perturbaticn in the ionosphere moves
obliquely and has got both the components. In the second Cal~\
culation a fixed 5% amplitude level for 100 meter scalesizc was
assumed. In the third calculation a fixed 10% amplitude for
100 méter scalesize was assumed. The results of the analysisx
show that if one uses actual obscrved amplitude for 100,meter
scalesize, the smallest wavelength which czn be generated is
~7 meters, when fixed 5 and 10% amplitudes are assuned the
smallest wavelengths which can be generated’are 6 and 3 meters
respecctively. Thus we conélude that with lot of stretching of
arguments probably the small scalesizes may have a positive
growth rate. But one does not kmow what sorts of amplitudes
would be generated. Ideally speaking, one should take com-
plete spectrum of large scale irregularitices and consider

their combined effect on onc single small scalcsize,



168

We have observed thabt 1-19 meter C F irregularities
do not have a unique spectrum. The spectral index ranges bet-

ween -4 + 1 and increases with altitude.

As far as the spectra of type Sc aré concerned it is
found that they arc mugh steeper than type MC. Recently,
MeDongld et al. (1979) did a computer simulation experiment 1in
which they obscrved large scalesizes degencrating into smaller
scalesizes resulting into a kind of two dimensional turbulence.
The spectral index obtained by McDonald et al. (1975) is inci~
dently for the sane scalesize range of 1-15 meters. They
obtain a value of =3.5 which agrees VEry well with our obser-

vations.

As evident from the spectral index values listed in
tables IV.5 and IV.6 the spectrunm of type SC becones flatter
ot increasing altitudes. It has been pointed out by Prakash
ot al., (1973) that due to streaming of electrons one gets
another type of irregularity which is termed as type SS. Irre-
gularities of type SS are observed in 1-15 meter scalesize
range at around 105 km which is the peak of the olectrojet.
‘The spectrum of type Ss is flat and is characterized by zero
spectral index. Thus it appears that as one goes up in alti-
tude one would sec the coubined effect of both the spectra
(one due to type Sc and the other duc to type SS). Since the

excitation of type SS igs very strong around 105 km the net
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spectrum would be largely govérned by the SPectrum'of type SS
which is flat. At lower altitudes (around 90 km) the excita-
tion of type SS ig very weak and hence the net spectrum is
largely governed by the spectrum of type Se which is steep.
In the intermediate region, therefore, one should see the

flattening of the spectrum with increasing altitudes.

6.2 Trregularitics Produced by Neutral Turbulence

Mechanism

We have observed certain irregularities around and
below 80 km altitude during the periods of normal as well
as counter electrojet periods. Since the mechanisms of gene-
ration do not appear to be different for medlium and small
scalesizes the results of both the type would be discussed

together.

These irregularities were observed on some of the
daytime flights and could not be observed on any of the even-
ing and nighttime flights. Usually these irregularities are
ohserved from nearly 59 km to 70-75 km altitude but during
flight 10.45 we found that irregularitics were present even
at 81.2 km altitude. The percentage amplitude of irregulari-

ties is much larger at lower altitudes (around 60 km) as coul-

parcd to that at higher altitudes (around 75 km). These irre-

gularities werc found to Le prominent during periods of caunt

electrojet.
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These irregularitices could not be observed during any
of the evening and nighttimc flights, and also below 59 km
during daytime because during these periods.tﬁélﬁfdbé cﬁrrent
is very small in lower altitudes and cannét be méaéured. The
irregularitics cculd not be observed above about 72 Lﬂ aiti¥
tude cxcept during flight 10.45, where they were observed upto
about 81 km. In higher regions ( > 84% km) irregularities due
to cross-field instability are present, hence at these alti-
tudes even if the irregularities due to neutral tufbulenbe
‘are present they would be masked. It may be reminded here
that except for flight 10.45 on all other flights the study
of irregularities is done through main channel of the Langmulr
probe which can detect irregularitics if their amplitudes are
larger than 10% or so. Since the irregularities arc not obser-
ved above about 75 km altitudes during all these flights, iﬁ
is possible that either the irregularities do not exist above
2275 ¥m or their amplitudes are smaller than 10%., The first
possibility is unlikely because the use of duct amplifier.
(which can study amplitudes smaller than 10%) on flight 10 .45
has clearly shown that irregularities are present above 75'km
but thecir amplitudos are too small to be seen on the main /

channel,

In most of the regions where we observe these irrcgu-
larities, both electrons and positive ions are unmagnetized

and hence the excitation of crogss-field instability is not
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possible at these altitudes., There seems to be no other
plasime instability mechanism which can produce ionization
irregularities at such lower altitudes. As‘mentioned earlier
in chapter IT Gallet (1955) and Villars and_Weisskopf (19595)
have shown that in presence of background electron density
gradient, neutral turbulence can produce ionilzation irreguld—
ritics. The existence of neutral turbulence upto 100 km alti-
tude was theoretically predicted as well as experimentally
confirmed with vapour release. experiments. Although the
neutral turbulence is present upto 100 km it cannot efficiently
generate irregularities beyond a critical altitude which is

characterized by the following condition.

Va2 P

P

i ~ \{—\ .
Ve o Lo and

If one takes the collision frequency valucs given by
Thrane ond Piggott (1966) it can be readily scen that the
above mentioned conditions are satisfied only upto 75 lm
altitude. Hence the region of occurrence of irregularities
which we have obscrved coincides fairly well with the regilons
where neutral turbulence is expected to cfiiciently generatg
alectron density irregularities. Hence we conclude that the
above irregularities are generated by neutral turbulence

mechanism.

During the normal clectrojet periods the average

spectral index for type M, is -2.78 and for type 5, 18 -1.77.
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During periods of coulter electrojet the average spcctral
index for type M, is -1 .04 and for type 5, 1s -0.88. The
average spectral index of all the observatibﬁsturng out to

be ~1.62.

6.3 Trregularities Produced DY Unknown Mechanisim

We have obs ervea wavelike perturbations in o4 km
region during period of counter electrojet. The scale81ze
of perturbations 1s as large as 100 meters. The perturbathné
are observed in a region where strong positive density gradients

prevail.

Since these irregularities do not have typical saw-
tooth structure and also they are observed in a region where
electric field and density gradients are antiparallel, the
cross-field instability could not be their generating mechanilsm.
The mechanism of production of these irregularities 1is not known.
These 1Irovulurjt1as have vertical bcalcsizes suitable for giv—
ing rise to scattering of radio waves and fading pattulns at
2.7 Miz obtained with three spaced receivers' technique by
Hulton and Oyinloye(1970) and Rastogl et al. (1971). It WQSJ
“also pointed out by these workers that the fadlug rate durlng;
the counter electrojet was much less than during HOHﬂdl elec—
trojet. This could be due to the fuct that during normal

electrojet irregularities are generated through cross~-field
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instability mechanism which gives.rise to gcalesizes ranging
from few meters to few tens of meters and hence have larger
fading rates than the irregularities mentioned above which
have very limited range of scalesizes. It has been pointed
out carlier that a transparent type sporadic-E was observed
on flight No. (05.16 ionograms 1in the frequency range of

4.8 Mz to at least 6.0 Miz. The CF irregularities at 97.7
km and unknown type at 9L, 2 km have scalesizes suitable for
scattering of radiowaves in the above frequency range. Hence
the transparent type sporadic E is mainly due to thegeztypes

of irregularities.

6.4 Conclusions

The important results and conclusions of’the thesisv
are following. The conclusions are listed under four head-
ings which relate to the irregularitics generated through
cross-field instability, neutral-turbulence, unknown mechanism

and the phenomenon of counter-clectrojet.

CF Irregularities

1. The results of type M and 8. show that they usually
coexist and are observed continuously Betweeh 86~100
km during morning and noon hours. At other times
the irregularities arc found to occur in isolated

regions. The extent of theése isolated regions variles
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theoretical investigation as pointed out in the"'ﬁ
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from 110 to 116 km during éarly morning hours and

94 to 120 km during nighttime.' Duringievening hours
the irregularities are observed in diécrete ﬁégions
below 100 km and around 135 km. The regions of
occurrence of type IT irfegulérities, as ObServed by
backscatter radar, are same as those of CF irregula-
rities observed by the rocket, This shows that type
IT echoecs are generated through CF irregularitics as

suggested earlier by Prakash et al. (1971c).

The medium scalesize CF irregularities have tyPicali
sawtooth like shapos upto about 92-93 km during day-
time on normal electrojet days. Above these altitudes
the shapes of thése irregularities cannot be ascertain-
ed due to the smallness of their amplitudes. However,
during counter electrojet periods these irrcgularities
were found to have sawtooth type shapes even at an
altitude of 97.7 km. The dircction of steepening of
these structures is parallel to the direction of Zero
order density gradient. During nighttime such shapcs

arc obscrved upto about 110 km or so. The observation

of such shapes during nighttime has been explained by

Rognlien and Weinstock (1974) but satisfactdry'explaf'_ ; 

nation of daytime results apparently needs'furtber ,

discussion,
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The spectral index of medium scalesize CF irregula-

rities is in the range of -2.0 + 0.7.

During normal electrojet periods in the daytime, the
medium scale CF irregularities have maximum;amplitude
at 90-91 lm altitude. It is observed that these are
the altitudes where the density gradients are also
sharpest. It is thus felt that observed saturation
amplitudes of these irregularities correlate well

with the ambient density gradients,

The most prominent scalesize is swallest at an alti-
tude of 90 km. This feature is also well correlated

with electron density gradient scalclength.

The generation mechanism of the small scalesize irregu-
larities through cross-ficld instability mechanismvis
not very elear and the presently avallable theories
need lot of stretching of arguments cven for qualita-

tive agreement.

The amplitude of small scalesize CF irregularities is

of the order of a few per cent.

The spectrum of small scalesize CF irrggularities/has ’
g0t a tendency to become flatter with altitude and
is best represented by spectral index range of =4 + 1}"v

The flattening of spectrum ié,apparently because the
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spcectra of type'SC is mixed with the spectra of

type S, in the vieinity of 105 km altitude.

Turbulence Irregularitics

1.

The irregularities believed to be generated fhrough
equal turbulence mechanism are obsecrved in regions
of 59 to 81 km during purlods of normal as wull as
counter elecctrojet. Below 59 km the irregularities
cannot be obscrved because of instrumental limitations
and above 84 km or so even if the irregularitics are

present, they would be masked by dominant CF irre-

- gularities.

These irregularities could be observed only during
daytime. The irregularities could not be studied
during evening and nighttimes becauée the ambient
electron density is too small to produce sufficient

probe current during these periods.

The occurrence of these irregularities was very

prominent during counter electrojet periods.

The percentage amplitude of irre sgularities 1s ‘more.
in the lower altitude regions (2260 kn), and 1s less .
at higher altitude regions (2 75 lm) . .

The spectral imdex-of these irregularities is quite

varia blc both for dlfferont rangcs of scalesizes and  , 
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kfor different periods of observations. The spectral
index ranges for type M, and Sn are from -3 to -7

and -2.65 to -0.02 respectively. The average specﬁral'
index for both type Mn and Sn during normal as well

as counter electrojet periods turns out to be ~1.62.

Unknown Irregularities

1. Irregulariﬁies with predomihant scalesizes of wmany
tens of meters are generated in o4 km region during
the counter electrojet period. These irregularities
have scalesizes suitable for giving rise to fading
patterns in the radio freguency signals relevant to
‘three spaced receiver technique normally employed for

studying the drift in the E-region.

Counter Electrojet

T During two counter electrojet flights sharp layers
of ionization were observed at 94 km (CO 5.16) and
91 km (C-22) altitude. These layers give rise to

blanketing type of sporadic-E on C-4% ionograms.

2. Small regions of weak negative gradients have been
observed in the daytime during the counter electrojet.
The regions are from 95.7 to 98.8 km and 91.3 to 93.5

ki during flights CO 5.16 and C-22 respectively.

3 On the basis of absence of CF. irregularities in posi-

tive density gradient regions, presence in negative
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density gradient region, characteristic shape and
the direction of steepening, we conclude that during
counter electrojet periods the direction of vertical

Hall polarigation field gets reverséd;

During counter electrojet pefiod a transparent‘type of
Sporadic-E.is also observed on ionograms atbfrequency
greater than 4.8 MIz. This is probably due to medium
scale CF and unknown type irregularities dbservgd at

97.7 and 94%.2 km respectively.
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