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sible for the data analysis and the interpretation of the

experimental results,

There have been very few direct exPerimenﬁal studies

over the geomagnetic equator so far and the results reported
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the thesis to understand the experimental results in terms
of processes taking place in the equatorial ionosphere, These

attempts reveal interesting new possibilities,
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CHAPTER ~ I

INTRODUCTION
1. Equatorial Aeronomy dealé with the'studies of the atmosPhére
‘of the earth in ﬁhg vicinity of the earth's equator, The properties
of the earth's atmosphere are greatly influenced by the sun through
its'electromagnetic radiations in the infrared, ultraviolet and the
X-ray ﬁands, as well as by particle radiations, The sun together with
the moosqélso affects the earth's atmosphere through gravitational
forces and produces tides, At heights above 200 km charged particles
dominate the dynamics of the atmosphere. Even at heights as low as
90 km, the charged particles have a considerable effect on the dynamics
of the atmosphere, through their interactions with the neutfél'constit-
uents, Since charged particles are constrained to move along the
mégnetie field lines, the earth's magnetic field also has an important
role to play in determining the properties of the atmosphere above
90 km, At the magnetic equator the earth's magnetic field is hori-
zontal, This gives rise to many interesting magnetic and ionospheric
phenomena of great interest., The special features of equatorial
aeronomy have been studied for quite some time now..The studies have
been greatly intensified since the IGY, The following are the special

features of equatorial aeronomy.

2.1 Equatorial D regiont

The incidence of a neérly uniform flux of solar radiation
throughout the year gives rise to a fairly stable neutral atmosphere
in the equatorial regions. At the equator the cosmic ray flux is
minimum and phenomena 1like particle precipitation are absent,
Conséquently the D region ionisation there is more directly dependent

on solar radiations and the local photochemistry than elsewhere.
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The experimental results of the equatorial D region would be
valuable in understanding the various photochemical reactions that
o

take place in this complex region of the ionosphere (Aikin, 1965).

2.2 The equatorial electrojet:

In the lower E region, in a narrow belt around the magnetic
equator, there exists a strong horizontal elecﬁric curreht called
the 'equatorial electrojet'. It is a consequence of the earth's
magﬁetic field being horizontal at the magnetic equator, In the

'presence of the purely north-south magnetic field of the earth, an
east-west (horizontal) electrostatic field produces, vertical
currents which are inhibited by a vertical polarization field. This
polarization field, coupled with the north-south magnetic field
produces a significant east-west Hall current which augments a‘v
Peaerson current, (due to the original east-west electric field)
flowing in the same direction as the electric field. On either
side of the magnetic equator, the vertical component of the earth's
magnetic field increases and with it the thickness of the polarised
layer inbibiting the vertical currents also increases. The enhance-
ment of the Pederson current is thereby reduced, confining the
electrojet to a narfow belt (Raker and Martyn, 1953)., This current
sheet, whose existence was first deduéed from ground-based magnetic
measurements, was directly detected through rocketborne magnetometers
by Cahill, first in the Pacific in 1959 (Cahill, 1959) and later

at Thumba inl 964 (Maynard et al, 1965). From the ground based
magnetic measurements it has been possible to study extehsively
several parameters of the equatorial electrojet, such as the peak

current intensity, width of the current sheet, position and movement
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of the jet axis etc. A recent study by Rosemary Hutton (1967)

- eontalns a summary of the pkopattiés of the electrojet,

2.3 Equatorial sporadic K@
Another feature of the equatorial E region of considerable

interest 18 the equatorial sporadic E, also called the 'q type E '.
It occurs regularly on almost all days during the daylight hours at
stations‘near the megnetic equator. It is seen on the lonogram as
a diffuse trace With_a vertical extent which often extends to 20 km
or more. The echo seldom blankets T region reflections. It has
been studied both with the help of the ionosonde as well as the high
frequency vadar, It 18 now known that the echo is not due to reflect-
ion from a genuine layer of ionisation whexe the plasma frequency
equals the observed critical frequency I, Eg, but that it is due to
ionisation irregularities embedded in the slectrojet (Cohen et al,
1962), Matsushita (1962) and Cohen & Bowles (1963) have established
a close correlation between the"q type Es‘ and the equatorial elect-
rojet, In order to explain thelir observations, with high frequency
redar, Bowles et al (1963) shggesﬁed that these Iirregular-
ities are caused by plane quasi acoustic waves which propagate
through the medium and perturb the medium as they progress. Farley
(1963) has shown that these waves are due to a plasma instability
akin to ﬁhe."twﬁ—stream" instability, associated with the electrojet,
The plasma becomes unstable when thara are two or more interpene-
trating streams of charged particles with a relative velocity
comparable to the velocity of the particles iﬁ one stream, In a
collisioniaess plasma with no magnetic field and equal electron and
ion temperatures, the waves develop instability and grow in amplitude

only when the relative electron drift speed is comparable to the mean



-~ thermal velocity'bf the,electrqﬁs. For smaller drift velocities
the waves are damped by the‘Landau mechaniém. -In the @resence of
a magnetic field this damping is greatly diminished since the
electrons are réstricted to move along the magnetic field lines.
Bérnstein (1958) has shown that in a cdllisionless plasma, Landau
damping disappears in the limit of cos ol = 0 where & is the
‘angle beﬁween the external magnetic field and the wavenormal,
Hence for cos o\ = 0 even small values of the relative drift
velocity can give rise to instabilities and produce waves in
specified directions. Farley's work includes the effect of
-magnetic fleld and collisions in a realistic manner and shows

that the instability can occur in the equatorial electrojet,

2.4 Other irregularities in the equatorial E regions

| Apart from the 'q type Esi which is a manifestation of
the equatorial électrojet, other ifregularities haﬁe been observed
in the equatorial E region. Bandyopadhyay and Montes (1963) have
found that the flét type E_ ( 'f type E ' ) ié a common-océurrence
in the equatorial E region during night time. Simllar day time
lpccurfences. classified as 'l type ES' have also been seen on'
bccassions. There are also large scale irregularities in the &
region whose drifts have been measured by the ground-based
technique employing spaced~receivers, Near‘the equator these

irregularities have been found to be elongated along the magnetic

o field lines, Skinner et al (1958) find an axial ratio of 5 : 1

(assuming the irregularities to be elliptical in shape) for Ibadan
(magnetic dip 6°S). Vor Thumba which is on the magnetic equator

(magnetic dip 0° 47'S) the ratio is found to be slightly less
P 7

(Deshpande. Ph.D thesis), Near the equator these irregularities
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. show an aVeraae”weStWard‘drift ‘The average speeds are found to

_be 100 meters/sec at Ibadan (Skinner et al, loc cit) and 132
meters/sec at Thumba (Deshpande and.Rastogi, 1966).

2.5 F-region anomalies at the equator:

The equatorial ¥ region presents several 1nteresting
anomalies, Of these the 'Appleton anomaly or simply called
the 'equatorial anomaly' well known, The noon time electron
'dénsity at a given height in the F region shéwb a pronounced
minimum at the equator with maxima on either side of it at about
300 dip latitude. This feature, first noticed for the E2 peak,
although reported by Maeda and his coworkers in 1942, is kiaown
after Appleton who observed it in 1946 (1946). Since then it had
been studied by several'workers and the dependence of the anomaly
}.on the dip latitude rather than the géomagnetic or geographic
latitude has been clearly established (Rastogi, 1959). The anomaly
has been found to extend to a cbnsiderable height on both sides
of the F, peak (Croom et al, 1959; Thomas et al, 1966). Attempts
'havévbeen made to explain the anoﬁaiy either in terms of diffusion
along the magnetic field lines or in terms of diffusion and electro-
- dynamic drift (Duncan, 1960; 19643 Goldberg and Schmeriing. 1962,
- 1963; Lyon 1962, 19635 Baxter, 1964§ Bramley and Peart, 1965; Hanson
and Moffet, 1966).

A ﬁrominent feature which the equatorial F reglon shares
with other latitudes i the dally variation of the ionisation at
any given height, The daily maximum 1s. reached not at noon but
several hours earlier. Norton and Van Zandt (1964) have been able
to compute, based on certain assumptions, theoretical electron

density distributions which explain this feature,
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2.6 -Eqﬁatorial‘F fegiﬁn’irregularitiés:

The equatorial F regicn is also known for certain special
irrvegularities. Radio star scintillations (Koster, 1958) and
transequatorial VEF scatter propagation (Cohen and Bowles, 1961)
have been found to be correlated with certain spread F configur-
ations which are seen frequently on night time equatorial lonograms,
Two different types of irregularities which give rise to equatofial
spread F have been recognised., The first type.consists of thin
irragularities which are fleld aligned, with dimensions of the |
order of a kilometre along the field lines and of 10 meters or less
across these lines, These are situated at the base of the F layer
(Cohen and Bowles, loc cit). The other type called the thick
irregularities are embedded in the F reglon., They are 10 to 50 kms
thick and extend upto 300 kms east-west, They drift eastwards with
velocities of the order of 100 meters/sec (Calvert and Cohen, 196l),.
The equatorial spread I is distinct from the temperate 1atitude'type
spread F in that the %otmer supports scatter propagation while the
laﬁter does not; the equatorial spread F shows a negative correl-

ation with geomagnetie éctivity (Lyon et al, 1958),

3,1  The problems:

Most of the features described above have not yet been
completely understood. In the D reglon, while there has been in
recent yéars a certain amount of understanding with regard to the
ionising radiations, the relative impoftance Qf‘the various
radiations concerned has not yet been established. The photo- -
chemical process that occur have also lnot been understood

completely, The various estimates, from ionospheric experiments,



-7 .

. of the.effeetivgffecémbinétion‘cbefficieht in the D region, have
ylelded widely differvent reéults and these'results are very often
inconsistent with laboratory measurements of the rate coefficients
of»the varlous reactions that are believed to be going on there,
While siﬁpie theory expects the predominant positive ions in the

D region to be O; and NO+; rocket  experiments (Narcissi and

. Bailey, 1965) have shown that certain heavy ions which are probably
of metallic origin are important and ions of water vapour and its
higher hydrates constitute a majority of the D régian positivé
iops. Alkin (1966), has proposed certain reactions which can
explain the presence of these ions. BRut a mdjor revision of the
processes in the D region may be necessary before the experimental
results are completely’undérstood. The dominant negative ion in
the night time D region is alse not krown with certainity. Results
of certain PCA studies have been found to be incompatible with the
earlier belief that 05 1s the major negative ion.. It has also
been found that the megative ion may be different on different
6ccassions. A knowledge of the dominant negative jon at night

1s of importance in determining the initial development of the

D region at sunrise.

As mentioned earxlier measurements at the equator would
be more helpful in understanding the D region processes than
elsewhere. However there have beenjvery'few direct or indirect
heasurements of the equatorial D reglon., Radiowave absoiptiﬁn
measurements ave available for Ibadan (magnetic dip 6°s) for
over a solar cyele (Skinner and Wright, 19563 1964) and more

recently for Colombo (magnetic dip 59), (Gnanalingem and
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“Ratnasiri, 1966). But there:havé been_no»difect-measurement of

the D region near the magnetic equator,

The,aqﬁatorial E fegion phenomena are also nol completely
understood, While the general principles underlying the formation
of the electrojet are known the details of the processes involved
~are not yet cléar.‘ It is still an 6pen question whether the
electrojet is a mere enhancement of the worldwide Sq current system |
in a narrow belt near the equator as envisaged by Baker and Martyn
or a separate current system (Gsﬁorne, 1963; Ogebuehi et al, 1967),
If it is a separate current system, the location of the return
current and its effects on iondSpheric and magnetic phenomena need
to be studied in detail. The study of night time VIF wvadar echoes
has led Balsley (1967) to consider the presence of a westward
flowing curvent during night as a possibility. Such a current

system has not yet been detected by direct measurements.

The understanding of the nature of the lrregularities in
the equatorial E_, and thelr motion is incomplete. While the work
of Cohen and Bowles has given experimental support to Férley's
ﬁheory,‘it‘is not clear that th@ae are the only d1rregularities
which are present in the electrojet. Farley's mechanism can
explain only those irregularities which travel with acoustlc
velocities and which have a pronounced eastwwesi cﬁmponent,
Occassionally irregularities which travel with velocities very
much different from acoustic velocities are seen, Fnox (1964). has
shown that conditions in the electrojet are such that even stati-
stical fluctuations can get amplified 1f they ave field allgned,

- for wave numbers less than about 10'2/cm‘( M= 6 meters). This
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- theory allows f¢r a wide range of Wave-velddities, upto about
1.5 km/sec. Obviously there are different'types of irregulari-
ties, it is important td classify them and identify the types

assoclated with the electrojet.

It has not also been possible to explain the F region
irregularities, and the cause of equatorial spread F. Irregu-
larities in the ionosphere are generally explained in terms of
turbulence, gradients in the background ionisation and plasma
instabilities, Turbulence is not expected at F region heights
and gradients in electron density are not large enough to give
rise to irregularities. The presence of plasma instabilities
can not also be conceived in the ¥ region. Processes which
involve mass vertical movement of ionisation. in irregular
. formations such as the ones suggested by Martyn (1959) and
Calvert (1963) are not favoured by Dougherty (1959),

Thus there are many phenomena in the field of equatorlal
aeronomy, which are understcod only partially. Detailéd measure-
ments of the parameters involved, such as solar radiations in
specified spectral regions, densities of the neutral és.well as
the ionised constituents, electron and ion temperétures, electric
.fields, winds in the neutral atmosphere, ete,, will be required.
before any precise theoreis can be worked out. While there has
been an intensive study of the atmosphere over the middle and
higher latitudes, similar studies over the equator are relatively
scarce, The need for intensive experimental studies of the

various aspects of equatorial aeronomy can not be over emphasised.
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This thesis reports experimental studies on |

the relative importance of Lyman « and solar X-rays

as sources of D region ionisation,

_the'effect of electrojet currents on the electron

temperature in the lower equatorial ionosphere,
the EZ layers in the equatorial regions, and

the night-time E region.
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 CHAPTER - II
EXPERIMENTAL TECHNIQUES

Ionospheric studies have been carried out using a
variety of techniques, These techniques can be broadly
classified into two types : (i) ground based techniques (ii)
rocket and satellite techniques. While the ground:based
techniques have been in use for a long time, rocket and
satellites have come into use only in the last decade or two,
But in this small period they have made substantial contribution
to our knowledge of the ionosPEere. The advantages of ground \
based techniques in making continuous observations from a single
station oﬁer an extended period of time compensates for the
capabilities of an earth satellite in 'probing a good part of the
globe within a relatively short time gnd thdse.of a high flying
rocket in obtalning a vertical profile of the ionospheric para-

meters over a given station within a few minutes,

1,1 Ground based techniques:

Most of the ground based techniques irwvolve the propa-
gation of electromagrnetic waves in the medium under study. The
most popular technique has been vertical sounding using swept
frequency recorders in which the time delay of the echo of a
vertically transmitted electromagnetic wave is used to estimate
the height of reflection., When the frequency of the wave is
swept over a certaln range the resulting echo pattern, called
the ionogram can be used to investigate the E and the F regions
of the ionosphere. The D region has been mostly studied through
measurements of radio wave absorption, partial reflection and

cross modulation,
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Ground based studles have also béen carried out utilising
certain naturally occuring traﬁsmissions.' Cosmic radio noise
studies, studies using whistlers and VLF emissions come under this
. category. Cosmic radio noise studies have been'ﬁsed as a solar
flare patrol and to detect precipitation events, More recently
they have also been used to obtain some information about F region
electron temperatures. Whistler studies have been used to obtain
vertical electren density profiles at exospheric heights in the

equatorial plane of the earth.

The incoherent backscatter technique, used at several
places, is the only ground based technique which is capable of
glving vertical profiles of the ionospheric parameters concermned.
In this technique a high power VHF signal is transmitted into the
ionsosphere and the backsecattered echoes are studied to obtain
inforﬁation.about the electron densities, electron and ién tempelr-
atures etc. The technique has been found to be capable of
measuring these parameters from helghts of 100 km to 1000 km in
the ionosphere. OCoherent backscattered echoes have been analysed
to determine movements of ionospheric irregularities and their
scale sizes. Movements of large size irregularities in the E
and F regions have also been studied by the spaced receiver

technique.

2.1 Rocket and satelllte based studies:!

Rocket studies of the upper atmosphere began in 1945
with the use of V2 rockets for sclantific imvestigations by the
Michigan university. With the launching of the Soviet sputnik

in 1957, satellites also began to be used for atmospheric research.
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~ While ground based studies Were mostly 1imited to indirect

| experiments involving radio wave propagation the advent of
rockets and satellites has made direct probing possible,
Many types of studies which were not possible before are now
being carried out and our knowledge of the upper atmosphere

has grown beyond expections.

Rocke@ngnd satellite borne techniques have been
used to study the various parameters and processes in the
'ionised as well as_nautral-constituents of the upper atmosi
hbhere, Thé téchniqueS‘that are used to study electron
densities and electron temperatures are of two types, The
fifst type include the propagation type experiments involving
measurement of Doppler shifts (Seddon, 19533 Jackson and
Seddon 1958), Faraday rotation and differential absorptien
(Seddon 1958, Bauer and Jackson, 1962; Knoebel and Skaperdas
v1966) on one or more radiowaves propagating between the rocket
or satellite and a suitable ground station. These determinations
imvolve problems of ray tracing, problems connected with the
particular magnetoionic mode of propagation etc. Another dis«
advantage with propagation type studies ls that transitory
phenomena occuring in the intervening medium can give rise to
Spufious results, The second type of experiments for determining
electron deﬁsities and temperatures »invélve the use of ‘in situ!
probes. Elecftrostatic prdbes such as the Langmuir probe, various
types of impedance probes, the resonance probe and ion traps have
'Been used, Probe techniques on rockets and satellites have

problems of their own, such as, limitation of the volume sampled

outgassing from metal surfaces on the vehilce, development of ien
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" sheaths ardund-tha Vehiclé,'and‘effect‘of magnetic field on
particle collection. These problems are treated in detail

in the mext chapter.

| In addition to the probes for measurement of charged
particle densities and temperatures there are other in situ
méasﬁrements that are possible on rockets and satellites.
Instruments like mass spectrometers for finding the neutral
Vand ion éomposition of the atmbsyhera, magnetometers for the
measurement of magnetic field and electric currents, photon
counters and ionisation chambers fur measuring the flux of
1 solar radiations in specified bands and their absorption in

the atmosphere, have been extensivelyvused.

(The satellite drag technique has been used to deter-
mine neutral atmosphere densities and their variations.
Pressure gauges, grenades ete, have been used on rockét to
determine neutral atmosphere temperatures, Pérameters concern-
ing neutral atmosphere motion such as winds, wind shears and
turbulence have been studied by the release of fluorescent and
photochemically reacting vapours into the atmosphere ffrom
rockets., Release of certain readily ionisable vapours such as
barium has also enabled the measurement of electric fields in
the ionosphere. There have also been attempts at a direct

measurtment of electric fields in the ionosphere,

3.1 Probe techniques:

( The various probes that have been used for electron
density and electron temperature measurements in the ionosphere

can be divided into two basic types. The electrostatic or the
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Langmuir‘ﬁype @fobés and the':a&io'fréquency probes;. The theory
and practice‘of Langmuir‘prcbeé are deseribed in the next chapter,
(?he radiofrequency probes can again be classified into two types,
The first type involves the more or less direct measurement of
thé.impedence of a probe immersed in the plasma at one or more
radiofrequencies,) When the frequency employed is much above the
gyrofrequency in the medium and the plasma frequency, the measured
impedance can be interpreted in terms of the electron density and
“the collision frequency in the medium. To this categary belongs:
(a) NASA impedance probe (Jacksén and Kane, 1959) in which the
impedance of an antemna is measured by sweeping alvariable capa~
citor and noting the value of the chpagitor which brings the
antenna into resonance: (b) the capacitance probe of Sayers (1963)
and its modifications due to Heikkila (1965), in which the probe
forms one element of a tuned circuit whose resonance fréquency is
determined; and (e¢) the standing wave impedance probe of AFCRL in
which the standing wave ratio on the transmission line feeding

the antenna is measured, wherefrom, the impedance of the antenna

is deduced (Pfister et al, 1961),

/ The second type of radiofrequency probes may be called
the resonance probes. In this type the frequency of the probe is
swept through‘a wide range of frequencies and the impedance of
. the probe determined over the fange? The'resonan?e frequency is
deterﬁined by the sharp changes the impedance undérgoes, at this
frequency. The various swept frequency admittance probes and
the resonance relaxation probe (Calvert et al, 1965) fall under
this category. In the Japanese resonance probe (Miyazakl et al,

1960) an applied rf voltage causes a rectified current to be
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collexted By thé pfdbe; ”When'the freéﬁency 1s swept this current
goes through a maximum which wés belleved to occur at the plasma
frequency, but is now known to occur at a frequency slightly

below the plasma frequency, |

| All of the above mentioned proﬁes have been extensively
used for ionospheric studies individually as well as in ccmhiﬁation
Egch type has its own advantages and disadvantages, Recently a
comparative study of the various probes in the ionosphere has been
" made by Heikkila et al (1967). It is found that most :of the
probes are best used in the E reglon of the ionoéphere, The swept
frequency admittance probes énd the resonance relaxation type of
probes are found to be best suited for absolute measurement of
electron density, The rf impedance probes; while fmore convenient
in practice for the study of fine structure in the medium, do not
give correct electron densities., The effective size of the sheath
around the rocket and satellite borne probes, which effect the
measurements cannot be determined experimentally, A correction
factor (which is not acgﬁrataly known) has to be applied for all
such probe measurements. The electrostatic type of probes are
~ideal for studying the fine structure in the medium. Electron
temperature measurements made by the classical Langmulr type
probe de not have any apparent problems and seem to be accurate,
Electron density measurements from such probes suffer from effects
due to the earth's magnetic fleld, electron depletion in the probe
surroundings due to charge collection by the probe ete, which are
not understood. lence these measurements need an independent

calibration, Therefore, inspite of its limitations, the Langmuir
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type probe seems to be the mmst convenient probe, it is reliable ,
when independent and frequent calibrations at different heights
in the ionosphere are possible. The effects of depletion are
minimum for cylindrical Langmulr probes and the mesh type probes
used by the Japanese workers (Ichimiya et al, 1960), These probes
Therefore yleld the best results, A simple modification of the
Langmuir's technique has enabled Buyd and Willmore (1963) to
sfudy the energy distribution of the electrons and thereby

‘arrive at more accurate estimates of electron temperature,
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. CHAPTER - III

LANGMUIR PROBE - THEURETICAL CONSIDERATIONS

1. Langmuir probe:

Qihe technique first used by Irwing Langmuir consists
of exposing a small metallic probe to the medium under study
and measuring the current collected by it as the probe voltage
is slowly varies from a convenient negative value through
zero to a convenient positive value, The resulting current-
voltage characteristics are analysed to obtain information

about various plasma parameters,

b The above technique was employed for ionospherie
studies, for the first time, in 1946 by Spencer and his
colleagues (1953), Since then the technique has been improved.
The dumbbell probes of the Michigan University group (Spencer
et al, 1962), the tip probes of NASA (Sﬁith, 1964 ), the satellite
borne cylindrical probes of Brace and others (1964), and the mesh
probes of the Japanese workers (Ichimiya et al, 1960) are some of
the examples of the Langmulr type probes now in use. The author
- has used a modified version of the Smith type Langmuir probe.
The two frequency probe of Buyd and Willmore (1963) makes use of
a refinement in the basic theory; it has enabled a more accurate
determination of the energy distribution in the ionosphere. The
Gerdien condenser (Bourdeau et al, 1959; Pederson 1965) and the
parachute borne blunt probe of Hale (1967) are techniques similar
to Langmuir's technique, but they are applicable only in the high
collision regions where Langmuir's theory is not directly appli;

cable,
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U2 ‘Langmuir-probe theory7

2,1 Classical concepts: According to the classical concepts

or the 'Wall potential' This arises out of the excess of the
randem electron flux in the medium due to the average electron
velocity being larger than the average positive ion velocity in the

medlum,

When a voltage is applied to the probe charges of one sign
are attracted to it while charges of the opposite sign are repelled

anqgghe probe is soon surrounded by a space charge sheath which
shields the surrounding plasma from the probe-field. The thickness
cfrthe sheath depends on the probe voltage, the size cf the probe

| as well as the electron density and the electron temperature in the
ﬁggiﬁm. A rough idea of the sheath dimensions can be obtained from
the Debye shielding distance in the medium., The latter is a funct—
ion of only the electron density and the electron temperature in

the medium; it is therefore a characteristic parameter of the

plasmg., The shielding distance is given by

56 kTe Te ,
>\D < —‘:—e’é-{ bl &9 J_;Q Cms (1)

where ) is the dielectric permitivity in the medium,
k is the Boltzmann's constant,
e 1s the electronic charge,
T . is the electron temperature and

e

ng is the number of electrons per ¢c in the medium,
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| in the cléssicai Lﬁngmuif?s thebry:the probe ié surrounded
by a space charge sheath into whieh charged particles diffuse from
the surrounding plasma from large distances. Once a charged
particle enters the sheath it does not suffer any collisions
until it is collected by the probe, Loss of charges due to charge
collection by the probe is‘replenished from the surrounding plasma
and there is assumed to be no depletion in the immediate neighbour-
hood of the probe. It will be shown later that this simple picture
does not hold for a practical probe in a plasma, especlally in the
ionospheric plaéma; the éarthfs magnetic field introduces additional
complications, However, this theory, with some modifications has
been used extensively to obtain useful information about thé
ionosphere., Obviously, the application of this theory is valid
only vhen charge depleticn and effécts due to the magnetic field

are negligible,

2.2 { Probe at: _plasma ﬁptentialz When a probe is at the same

potential as the ambient plasma the current collected by the probe

is entirely due to the thermel motion of the}charged particles in

the medium, Since the average electron valé&ity is much iarger

" then the average positive ion veldcity, the probe current can be

considered to be entirely due to eleatroﬁg} According’ﬁo kinetie

theory the ﬁverage number of particles colliding against a unit
mJ

area of surface exposed to a2 gas in unit time is 77 , Therefore

the’probe current is given by

n L] & L] ve

J =4) =A -2
(8] [o) 4

(2)

Where A is the surface area of the probe, 3}, is the current
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density and %e is the average eleatron'velocity in the medium,

given by

€ kT - S ‘ ,
v, - ji:;e = b21x16° Te enmfsc. (3)

WVML

2.3;// Siightly negative probe:IRetarding potential analysis?

Fdr small negative voltages of the probe the probe current
consists of two parts (i) A positive ion current limited by the
space charge and (1i) a current due to the electrons which over-
come the repelling voltage of the probe,} When the distribution is
Maxwellian the retarded electron current to a negative probe is

given by
ev
3& = jo exp C ﬁ&> (4)

where i, is as before the random electrom current density and V is
the probe voltage. This property is generally used to determine

the electron tempsrature in the medium,

2.4 A pogitive probe: attracting potentials:

(In this case positive ions are repelled and electrons

are attracted towards the probe. BEven a small positive voltage
is sufficient to make the positive ion component of the probe
current negligible compared to the electron comﬁonént, Deter-
mination of the electron current to a positive probe is compli-
cated by considerations of both the size and shape of the probe.
The size of the probe, in comparlison with the Debye length plays
an important rele in determining the current collected: by it,

In general, the procedure involves writing down the Peisson's



equation and soivxng it, 4 detalled khbﬁledge of the probe and
tha sheath geometry'will be neéded. Langmuir and Mott Smith (1926)
have obtained the foilowing expressions for spherical, plan and

Acylindrical gecometries,

(i) A small sphere, radius smaller than the Debya length,

The current is given by

. [ ﬁl
Je - joc,f e ) (5)

KTe

where Jo is the random electron currvent and V is the probe voltage.

Any complex shaped body can be approximated to a sphere
as long as its size issmall. This is a geod epproximation since

the distant field is coulomwbian regardless of the shape of the body.

(i1} A large plane, large when compaved to the thickness of

the plane and the sheath:

Je = Lo (6
Here the probe current is determined by the surface area of the
probe and the plasma parameters and not on the potential difference

across the sheath, The probe current is independent of the probe

voltage.

(1ii) A long thin cylinder: In this case the original

expressions of Langmuir and Mott Smith reduce to
A |
: s ev P
Je = do % m\()ue> 1 Q*F( ) ( kle3 (7)

where P is the error function defined by

ke

h
Pex) = %?fo e (8)
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Fig.l Compafeslthe éle¢tron collection in the various
cases considered above. The abscissa vepresent the normalised
; ev ).
probe voltage %7, and the ordinates represent 2@9 the electron

current to the probe normalised to the random electron current,

Positive ion collection by a Strgngly‘negative probe
is given by equations similar to (5), (6) and (7). But the
actual positive ion currents would be muich smaller than the

corresponding electron curvents due to the large ilon mass.

3. Recent work on probe theory:

Recently there has been a consideratle amount of
interest in éxtending the classical Langmuir theory, A4 series
of studies by Bohm (1949), Bohm et al, (1949) and Schulz and
Brown (1955) have shown that in the case of a strongly negative
probe, the positive ion sheath does not perfectly shield the
probe fileld. A stable sheath is possible only when the lons
reach 1t with e kinetic energy which is at least hali the mean
kinetic energy of the electrons in the plasma i.e kI /2. There-
fore the potential at the edge of the sheath is about kTelz,

A aonsequencé'af this field penetration is thaﬁ the positive

jon current to a negative probe is determined by the electron
temperature in the medium and not Dby the positive ion temperature.
This explained tke experimental results of Boyd (1950) in which
the positive iov currents were found to be nwch larger than
pxpecrnq by Langmuir's theory and also pofnted out the impo-
gibility of measuring the ion temperature from the experimmntal
data., BExtending the work of Bobm, Allen et al (1957) computed

the potential distribution and the positive ion current-voltage
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characteristics of é_cylihdriéal and & spherical probe. Their
relations could be used to interpret éxperimental data in terms
of7nj%;. ny and My are the positive ion density and positiﬁeA -l
ion mass respectively. More recently, Bernstein and Robinowitch @‘{
(1959) have shown, that for a given probe radius, there exists .
a critical probe voltage beyond which lons can get trapped in
troughs of the effective potential energy near the probe, Conse-
quently the positive ion current to a negative probe is not
quite independent of the positive ion tempetrature even though

the ion temperature can not be determined from the probe

characteristics,

Attempts have been made to determine the current-voltage
characteristics for a probe in some specific cases, Considering
a dense but slightly ionised gas in which the frequeney of
collisions is high enough to justify the treatment of the gas as
a continuum, Su and Lam (1963) wrote down the differential equat~
ions for the potential distribution and the charge distribution in
the region surrounding a large probe (radius >> Debye length), The
equations turned out to be highly nonlinear, They were able to
obtain some approximate analytical soluéions under certain simply-
fying assumptions. Su and Lam's"équations were solved numerically
by Cicerone and Bowhill (1967) without any approximations. Current
voltage characteristics could not be drawn over a wide range of
probe potentials because of the 1nstability of the. numerical
procedure used., However the behaviour of the solutions could be
studied, The charge distribution in the neighbourhood of the probe
obtained by them illustrates the importance of the sheath for

positive ion collection. The positive ion density is found to
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have a nearly constant value equal to 0.4 N% over a large distance
beyond‘the immediate_neighbpufhood. of the probe before it

increases gradually to the free space value .

A kinetic theory approach has also been attempted for
a large probe in a collision-dominated gas by 1, M. Cohen (1963)
and more recently by Wasserstrom ef al (1965). Their studies
show that the current voltage characteristic never really satu-
rates, even for large probe biases, although there is a tendency
for saturation with increasing values of the ratio of the probe-
radius to the Debye.léngth. The reason for this is found to be
the penetration of the probe-field beyond the sheath. The probe-
created electric field penetrates far beyond the space charge
sheath and the charged particles are collected from larger and
larger distances, The Debye shielding in the sheath is incomplete
since the potential decays only inversely with the first power
of the distance for large distances from the probe., When no
current is collected by the probe cne,éan expect better shieldingé
Boyd (1965) has pointed out that the electron current across a
Debye sphere is 10'7 amps, Hence for probe sizes so small that
the saturation electron current is less than 10'7 amps penetration

of probe field beyond the sheath may not be of importance,

Wasserstrom et al (loc cit) found that when the probe is
at space potential there is an inward electron density gradient
accompanying the steady flux of electrons té the probe, but no
potential gradient in the neighbourhqbd of the probe., This is

necessary to satisfy the continuity condition, According to them

|
p B ‘
IV LA )
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where n m_électron denéity at the probe surface
N = ambient electron density'

vp = probe radius

L = mean free path for electrons

l n
It is seen that the ratio ]g is maximum for Ip<< L le. for

small probe radii. Even under these conditions the density

at the probe surface 1s only one half the density at infinity,

4, Langmuir probe in the ionosphere:

4,1 Reglon of applicability: In order that the equations

of section 2 may be applicable it is necessary that the Debye
~length is less than the mean free path, so that a charged particle
ehtering the sheath does not suffer collisions before it is
captured at the probe surface. Optimum conditions for applie
~cability of the theory are
Yo <y <+ L

where Yp = probe radius, >» = Debye length and L "= meén free
path. The mean free path for the collisions between electrons
and neutral particles is about 1 cm at 85 km, decreasiﬁg rapidly
with decreasing height. Negative ions which are not considered
in Langmuir's theory become important below 85 km, The ratio of
the negative ion density .to the electron density varies from
0.1 at 85 km to about 20 at 60 km during day time (Sagalyn and
Smiddy, 1964). Therefore 85 kms is the lower 1limit for the
applicability of Langmuir probe theory,

The upper limit for the regibn of appliecibility is set

by conskderations of photoelectric effect. The photoelectric

yield of a metal surface such as tungsten, when exposed to
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unattenuated‘solaf“radiatiqnzig, according to Hinteregger et al
(1959), about 4 x 1077 amp/cm2,_ A similar value Seems to have
been estimated by Bourdeau et ali(1961) from Explorer VIII data,
Hence thé ?hotoemission éffect“would be equal to the random
current density at higher altitudgs-than abcut‘1000 kms under

" normal conditions.

Hence the altitude reglon 100 - 1000 kms secems to be
amenable for'expleration by Langmuif proBes. and this has been
done extensively, bifferent geometries have_been used, the main
considerations being those of mechanical simplicity as well as
minimising of the errors due to motion of the vehicle, Spherical
and cylindrical geometries have been more popular because of |
their easier methematical treatment, Spherical electrodes and
meshed spheres, either projected at,the front or from the sides,
at the end of large booms in order to keep them sufficiently
away from the vehicle, long thin wires, conical and oglve
electrodes situated at the noée tip of rockets, have all been
used for ionospheric investigations, Some of the more important
problems of a rocket or a satellite borne probe are discussed

below.

4,2 Effect of the earth's magnetic field: 1In the preSence

of a magnetic field the charged particles spiral around the
magnetic fleld lines and diffuse along them, Diffusion across
the lines of force is inhibited. The effective free path for
the particles becomes the Larmor radius f:ég?‘. In the lower
ionosphere the Larmor radius is about 1 cm for electrons and is

of the order of a metre for positive ions. Therefore any probe
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bf ?ractfdal‘dimensiéns ﬁill,bg largei than the effective free |
path of eleétrcns,_ Whéh_thg probe size is iaiger than the mean
free path it collects more particles than can be made up by
diffusion from distant:régions resulting in a depletion 1in its
immediate neighbourhood. This decreases the efficiency of the
probe for particle collection, Since motion along the field
lines is uninhibited while”motion across 1s inhibited the final
'fesult is a compromise in which the probe collects electrons
from regions distant along the field lines but not fér away
across these lines, Electron collection is dependent in a.
complicated manner on the probe radius, the electron temperature;
the electron density and the magnetic fileld, Positive ion

collection is however not affected by the magnetic fileld.

Whipple (1965) has shown that for a spherical probe,
when the probe radius is larger than the average gyro-radius
of the electrons the effect of the magnetic field can be to
reduce the electron current ﬁo it, by a factor of about two.
However, it is generally believed that the magnetic fleld does
not affect the retarding potential ahalysis and electron temper-
atures can be determined evén in the presence of a magnetic
fielq. In the retarding potential analysis one is cohcerned
only with the high energy electrons which can overcome the
probe fielq and singe the magnetic field effect is less for
the high enargy.électrong (due to the smaller Larmor radii of
these electrons) the retarding-potential analysis is not consi-

derably affected by magnetic fields.

4.3 Reference electrode: In a rocket or a satellite borne

probe the sweep voltage is applied between two electrodes both of
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which are floating in the‘ambient nedium, Such a system was
first treated’theoretically‘ﬁy'Johnscn and ﬂalter (1950), 1In
the dumbbell probes of Spencer eﬁAal (loc cit) the two elects
rodes are.of'equal area and the variations in potential are
included in the interpretation of the_experimental data. BPBut

in most of the probe systems it is customary to make one of

the electrodes much smaller than the other; use the smaller
.electrode as the probe and the larger elecitrode as the
reference electrode. Due to its large size the potehtial of
the latter is assumed not to vary as the probe veoltage is varied
and the probe collects current from the medium, When the probe
collects charges of one slgn, it should be pessible for an equal
and opposite current ﬁo flow into ﬂhé reference electrode, This |
condltion is easlly satisfied when the picbe collects positive
ions, On the other hand vhen the probe is collecting electrons
an equal number of positive ions can flow into the reference
electrode only if it is larger than the probe by a factor equal
" to or greater than the ratio of the velocity of the electrons

to that of the positive ions,

Smith (loc cit) has shown that a practical Langmuir
probe system can be treated as a single probe if the area
ratio of the two electrodes is at least ten time 3 /j,. The
ratio Jo/3, is ebout 170 in most of the reglons of interest in
the ionosphere.‘ On an average, In a tﬁo stage rocket such as
the Nike Apache, the area available for tﬁe reference electrode
is between 2 x 10% and 3 x 10% cmz. Therefore surfuce area of
the probe should not exceed 10 to 15 em? if the system 1s to be

treated as a single probe system,
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4,4 Vehiclé‘velccity:‘“thiZ—shbws the vertical velocity

of an average two stage rocket during a typical flight. These
velocities are much smaller than the average electron velocity
in the medium which is about 100 km/sec and therefore electron
collection is not affected by the vehicle velocity, However,
the average ion velocity (shown in Fig.2) is seen to be
comparable to the rocket velocity, The positive ion collection

is therefore, affected by the vehicle velocity.

Dote et al (1962, 1963) have shown that the ion

current to a spherical probe moving in a plasma can be written |

3__\  ’— LIT‘“"UL /(}d_+ roﬂb)
(10)

where {, = random ion current in the medium

Yo = radius of sheatb in a direct at ¥ » to the motion
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and 6%0Cﬁo)1s a functipn"of the velocity parameter 7,.
- Ny ALt ’ .
o - :

2 kT4
where M+ = mass of ion

Wy = yel of the probe in the medium,

The form of 8,7, ) was oBtained both experimentally and
theoretically by the above authors and the results were
found to agree with one ancther. (An illustrative value

is &,(?%,) =4 when?), = 10). Using these results observed
positive lon currents can be corrected for vehicle motlon,
The retarding potential analysis for electron temperatures

is, however, not affected by the motiocn of the vehicle ,

4.5 Aspect of the vehicle:

Zffect of spin and precession: Unless despin
mechanisms and attitude controls are used the rocket spins
around its lomngitudinal axis and performs precessional motion

during its flight., (Typical periods for an average two stage

Nike~Apache rocket are: spin rate = 6 to 10 cycles/sec, precess-

ional rate = once in 30 to 40 secs). The aspect of the probe
changes during the spin and precessicn. In the presence of
the earth's magnetic field this changing aspect gives rise’to
a modulation of the probe current. When a symmetrical sensor
such as the ogive is used on the nese tip of a rocket the
effect of Spin.will be a small ripple on the probe current
profile 1f there are no marked small scale inhomogenieties in
the ambient medium. Outgassing from the nose‘conevand,&imilar

effects can glve vrise to spurious meodulations. Fig.3 shows
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the spin modulatién dn ;hé current to an ogive nose tip
obtained from flight 10.12 dﬁring the part of the flight‘
when TMA was being released fromla port on the side of the
nose‘cone; The effect of rocket precession can sometimes
give rise to a more marked modulation on the probe current,
Fig.4 shows the probe current to an ogive nose tip obtained
on flight 20,05, The profile shows a clear modulation of
1 eycle in about 40 secs which 1s the expected preces$ion
frequency of the rocket, These effects are found to differ
from flight to flight. Therefore experience from one flight
can not always be used to interpret unambiguously the data |
from other flights, A‘proper evaluation of probe data needs
coﬁplete information of the rocket aspect obtained from

aspect sensors,

The spin and precession effects would be even more
pronounced on cylinders or planes used at the side of the

rocket unless they are close to the tip.

4.6 Effect of the wake of the vehicle: When a rocket or

a satellite is travelling with a velocity greater than .the
mean ion velocity in the medium, positive ions canmnot pene-
trate into the rear of the vehicle, although electrons of a
suffiéiently large velocity can, H@nee\the absence of a
neutralising space charge of positive ions creates a negative
potential in the wake of the ﬁehicle. This produces a rare-
faction in the electron density distribution. The shape of
the wake and the ion and electron potential distributions in

it have been described by Alpert, Gurevich and Pitawvasky (1963)
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and Alpert_(1965)‘Who_show‘that‘the potentiél in the wake
can reach velues of the order.of

2kT l v
&:=- = “°Tv | (11)

(fig.5).

Hence a probe should avoid the wake of the vehicle.
This is done best by locating it at the nose tip of the rocket
vbr by projecting it far into the medium using booms, A probé
at the nose tip may enter into the wake during the descent if
the rocket comes‘down with iﬁs nose up, depending upon the
elevation at launch. The effect of the probe entering into
the wake would obviously be a reduction in the electron
current to it., Such an effect'was seen on a test flight where
a wire release ﬁechanism fof projecting a long thin wire was’
tested, The wire'Was used as a Langmuir probe. Its performance
was saﬁisfactofy in the initial stages. Afterwards a 1érge
shift in rocket pdtential was observed and this was accompanied
by increased positive ion currents, and an increased aspect
sensitiveness of the electron current. These are.cpnsidered

to be due to the low elevation taken by the rocket at that time.

4.7 Vehicle potential: A body exposed to a plasma will

| acquire an equilibrium potential called the floating potential
at which the sum of the electhn and positiVe-ion fluxes to it
is zero, For a body at rest, assuming it to be perfect collector
of charges, this potential, is given by
ha = do = Goerh (-, )

o KT do |
SoVe s e ey, - a2

"), = random electron current, 44 = random positive ion current
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For typiéalrionOSPhefic conditions this reduces to
ke :
- - 5V Te
Vp= - s e (13)
and ranges from -0.2 to -1.0V. But in practice there are
sﬁurious effects due to the motion of the body, solar radiation,
the presence of = fields on the moving vehicle, the earth's
magnetic field and cohtact potentials due to dissimilar work

functions of different parts of the vehicle,

The effect of vehicle velocity changes eq (12) to
Kle log 22
¢« - (14)

where 7V, = random electron velocity, v, = wvehicle velocity

o -

(Bourdeau and Donley, 1964), This does not change the results
radically, Solar radiation falling on the surface of the body
gives rise to photo-emission which tends to make the vehicle
acquire a positive voltage ét large heights, It also tends to
enhance the positive ilon current to the probe, Rectification
of antenna voltages also tends to make the vehicle more
negative. Aono et al (1961) show that the effect 1s negli-
gible when the frequency is much greater than the Rlasma
frequency in the medium. The effect of magnetic field is to
give rise to an aspect sensitiveness in the vehicle potential
since electron diffusion currents are”affected‘differentially.
The contact potential is an unknown quantity and often is

different for different parts of the vehicle.

Experimental results on the potential of a body in

space have been of a varied nature. Krassovsky (1959) reports
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nagativ¢'voltaggs’as high as:6V on Sputnik III., Pourdeau and
Donley (1964) f£ind that ﬁhevnighﬁ“time potentials of Explorer
VIII are between -0,5V and éé,?BV, in,bettér agreemant'with
theory;.‘Experience 6n rockets has also beéﬁ'QQually incon-
clusive, Setﬁu (1963) using,aﬂtﬁngst&n plate flush with the
rocket skin and L,G, Smith (loc eit) using tip probes found
that the net probe current becomes zers only when theprobe
voltage is clearly positive and not for negafiVe voltaggs;
The implied rocket to ionosphere potentials of wore than

+ 1 volt were exﬁlained by Smith by taking into consideration
both resonance rectification by antenna valtageé‘and contact
potentials, Contact potentials wers believed %o be responsible
for the observed effects. Results from the Langmuir probe
flights from Thumba also show similar featuves. The net probe
current goes to zero only for positive voltages both with

ogive electrodes at the nose tip and with e¢ylindrical probes,

Fig. 6 shows the voltage at which net probe current is

zero for the sweeps of flight 20G.05, a daytime flight,n It is
possible to discern a modulation at 1 cyele per 40 secs which
is due to rocket precession, Apart from thie g%factthe
.voltagas are everywhere more than 41 Volt, The results of
flight 10.11 and 10,14 which carried idéntical‘probes, slightly

different from the one on flight 20,05, are shown in Fig. 7,

These flights were comducted during evahing and morning twilights

. respectively., From these figures it is seen that the potent-

ials can be very much different on different cecassions.

f
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for the different sweeps of flight 20.05,
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5, ‘Dgtérminétibn‘of electron tempera#ure and. electron

density: |

Fig.8 shows a typical current-voltage characteristic
one Would expect from considerations of section 2. At the
negative end of the sweep the probe current is predominantly
due to positive ionsland decreases with decreasing numerical
gvalue of the negative probe voltage, This portion of the
characteristic is represented by AP in figure, As the valﬁe
-of the probe voltage numerically decreases further the probe
current diminishes much faster since the positive ion current
to it decreases and the electron.current due to those electrons
which can overcome the repelling probe voltage increaseéQ The
net probe current becomes zero at the floating potentigl Vf,
‘when the poéitiVe ion current equals the elecﬁron current .,
With a further numerical decrease in the probe voltage, ie
as the Qoltage approaches zero, the electron current to it
increases rapidly as Showﬁ by the section CD of the character-
istic curve. This portion of the characteristic can be used
for the determination of the electron temperature in the
medium, In this portion, the probe current is given by

Jo(}s = Je - ‘-JJr

The positive ion current at any point P on the characteristic
can be determined by extrapolating the portion AB of the curve,
as shown in the figure, and the'electron current to the probe
estimated. A semi ldg plot of this electron current against

the probe voltage gives a straight line and the slope of this

e _— -
line is equal to e where Ip is the electron temperature,
[
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 Wheh the pidba.is'atlplésma.pqtential (VS), the probe
current is almost wholly dué'to electrons as given by eq.2.
For positive voltages of the probe the electron current‘iﬁcreases
| Withfprobe VOltage and evén though it does not really satﬁrate,
ﬁhe rate of increase is very small after a small positive voltage.
This situation is represented by Ef in fig. 8, In principle it
- should be possible to find the electron déﬁsity in the medium
from the prebe current at plésma potential using eq.2, since
the electron temperature is known from the section CD of the
characteristic, But in practice it is difficult to locate the
point S since the change of slope aﬁ S is not sufficiently sharp.
Apart from this practical difficulty, all attempts to determine
the electron density in thke iloncsphere from the electron‘current
to a probe at space potential have yie1ded values smaller by
nearly an order of magnitude (L.G. Smith, loc cit). This has
been attributed to the effect of the earth's magnetic field.
From the discussions on page 28 it is seen that the earth's
magnetic field can reduce the probe current and thereby give
rise to lower‘ﬁalues of electron density, The observed low
values may also be partly due to the electron density gradient
in the neighbourhood of the probe, when the probe is at plasma

potential (cf page 25).

Fig.9 is a reproduction of an actual experimental
current-voltage characteristic., It is interesting to cémpare
this with Fig.8. The nonlinearity in the}current axls is due
to the experimental technique involved. The d,c shift in the

characteristic curve along the voltage axis illustrates the
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discussions Qf sectioﬁ 4,7; ‘A semilog plot of the electron
current against probe v°1tage“for this curve'is shown in Fig.10
Vo is the point where the net_probe_current was observed to be
zero. Froﬁ the slope of the straight portion AB the electron
temperature was calculated to be IOSOQK. This gives a floating
potential of -0.46 V. Therefore the space potential can be put
at +0.46 V ahead of the point V, ieat V.. Now Langmuir's
theory expects the semilog plot to be 1iﬁear‘upto this peint.
The experimental curve is seen to depart from linearity much
below the space potential. The inability of the probe to collect
sufficient number of electrons to give correct values of electron
" density from probe current measurement at space potential is
clearly 1llustrated in this figure, The increasing departure
from 1linearity as the probe potentlal approaches the plasma

potential shows that the probe is inefficlent for collection of
the lower energy electrons, By extrapolating the straight
portion upto the space potential it is seen that the ratio of
the expected current to the observed current is about 10. This
figure cannot be explaired by the magnetic field effect dalone,
It is likely to be due to the combined effect of magnetic field,
presence of electron-density gradients in the neighbourhood of
the probe and chafge depletion due to electroh collection by

the probe.

Even though there are practical difficulties in deter-
mining the electron density from the probe current at space
potential it is seen from eq. 5 that the probe current to a
small sphere (or any geometry that can be approximated to a

sphere) kept at a positive voltage large enough to make
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is prOpoftional to the eiectron density in the medium, If
electron temperature_vﬁriatiéns are“neglectéd; the probe current
is directly proportional to the electron density in the medium,
This-propérty*is used in a mixed mode of operation in which the
probe potential alternates Between a sweep and a fixed voltage
mode. The probe current profile at the fixed voltage has been
used to study the electron density varlations in the ionosphere;
Absolute values of electron density can be obtained by calibrating
the Langmulr probe current with the help of an acéompanying propa-
gation £ype of experiment or a resonance relaxation type of experi-
ment, When such an accompanying experiment is not possible it is
customary to use flight time ionograms from the nearest ionospheric
station fbr calibration purposes. Whenever possible the ionograms
are subjected to a true height enalysis and several calibration

points are obtained at various heights in the ionosphere,
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CHAPTER - IV |
LANGMUIR PROBE INSTRUMENTATION

1. The Langmuir probe system

1.1 The normal Langmuir probe system: A focket’borna

Langmuir probe system consists of a probing electrode, generally

referred to as the 'sensor , well insulated from a reference

‘electrode which in most cases may be the body of the vehicle

itself, An insulated portion of the rocket body can be used

qﬁ_aurefereoce electrode, A third, guard electrode is sometimes

used to glve a definite geometry to the electric field of the.
sensor and thereby improve its performance., In .a typical
Langmuir probe experiment a sweep voltage, varying from a
convenient negative value to a positive voltage of 2 to 5 volts
is generated with respect to the reference electrode and applied'
to the‘sensor.)/The current collected by the sensor from the
surrounding piasma is converted into a voltage suitable for
telemetry by an electrometer amplifier and telemetered to the
ground.-VAt the grouﬁd the current voltage characteristics of

the probe are analysed to obtain the required information about

the ionospheric parameters,

Fig.lla illustrates the working of a typical rocket
borne Langmuir probe system. The sweep voltage is generated
and applied to the sensor with respect to a reference voltage
which is tled to the input of the eiectrometer amplifier, the
ground of the amplifier being connected to the rocket body.

Since the electrometer amplifier is a current measuring instru-
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ament its inﬁﬁt impedéngefis”kept very low and theré is only
a small volﬁage drop bétween'the,amplifier-input and the
amplifief-ground% In practice this drop is of the order of
10 nV or less, Hence the sweep applied to the sensor is with
respect to the rocket body. The current collected by the
sensor from the surrounding'plasma passes through the sweep
generator and into the electrometer amplifier where it is

converted into a suitable voltage.

While this system looks straightforward, iﬂ practice
it is quite complicated involving many precautitions and a
sophisticated handling of the system, if meaningful data are
to be collected from it. The sweep generating system must
be run on floating.batteries while the rest of the eiectronics
needs a battery with one terminal common with the rocket bedy.
Hence the system needs at least two i1ndependent batteries
feeding power'fo it. This necessitates a complicated procedure
since in a rocket payload every battery system that feeds power
to the payload needs an associated relay system and an external
battery system for pre launch ehecks. Also the entire éﬁeep
generating system must be floating, with only the two points
G and G' having connections with the rest of the sysfem. Hence
the entire portions enclosed in dashes in Fig.lla must be well
shielded to avoid current leakages between this part of the
system and the rest of it, Internal leakage currents must be

10 amp or less, The

much less than the sensor current of 10~
distributed capacity of the network at the input of the electro-
meter amplifier must be small so that the frequency response of

the system does not become very low.
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1.2 New Langmuir probe 3ystem: A new Langmuir probe

system which works on a single floating battery was deslgned
and developed at the Physical Research Laboratory, Ahmedabad
F(Satya‘Pfakash and Subbaraya, 1967). It reduces the leakage
currents to a very small value, permits a more through pre-

1aunch checkouts and has many other advantages over the con-
ventibnal system currently in use. The system was sucess-~

fully flight tested on several rockets flown from Thumba and

the results have been good.

Fig{llb illﬁstrates the workihg of the new system.
An electrode when immersed in a plasma and left to itself
acquires a voltage called the 'floating potential! (page 19).
This potential is negative with reSPect’to_the plasma potential
and is a fuﬁction of the plasma parameters. Neglecting the
effects due to different work functions and other disturbances
the sensing electrode and the reference electrode (the rocket
body) are expected to acquire the same floating potential when
exposed to the plasma (However there can be a constant potential
difference due to effects such as contact potential etc. as
discussed on page 37, But this does not affect the present
discussion). A voltage V' which varies with respect to a
fixed voltage Vg in a mamnner reverse to the sweep that is to be
applied to the sensor is generated and}connected to the rocket
body as shown-in Fig.1lb. The voltage Vg is comnected to the
amplifier reference A' so that Vg = Ve and the sensor 1is
directly connected to the amplifier input A as shown. Due to
the small input impedance of the amplifier the voltage drop bet-

ween A and A' is small (about mV) and the sensor develops the
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same voltages as the reference part of the ampiifier. Hence
the sensor voltage varles with respect to the rocket bedy in

the desired marmer.

1.3 Advantages of the new system: Some of the advantages

and special features of the new Langmuir probe system arei

49 Since it operates on a single battery and since the
sensor ls directly comnected to the input of the amplifier
internal leakage currents are reduced to the lrreducible

minimum,

(2) 4 special feature of thié system is the avallability

of the reference point v, = V,' which follows closely the
sensoyr potential, When a guard electrode is to be used it can
be directly connected to this point (fig,l1l b) and no addite
ional electronies will be needed to maintain the gua#d electrode

at the same potential as the sensor,

‘The use of & guard electrode greatly improve the
performance of the sensor by rmndariﬁg the electric field
near the semsor normal to its surface (and thereby giving it
a definite geometry) and by enhancing the function of the
insulator which sebarates the sensor from the rest of the
system. Since the guard is nearly at the same potential as
the sensor direct current leakage betwaen the two is very

much reduced, The reduction 13 by a factor

Vg = Sensor potential
Vs « U . 8
> oo Vr

Vg = Potential of the guard

= Rocket potential

Ve, - Ve
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which is a factor of about 400 Any surface leakage between

the guard and the reference electrode doas not affect the

measurements,

(3) ~ Since the interﬁal leakages and capacitance leakages

are reduced theesystem has additionai advantages of practical
value, The frequency response of the system is limited by the
frequency response of the electrometer amplifier if the sensor

is directly to be comnected to the amplifier; Electrometer
amplifiers with a frequency response of 0-10 khz can be made .
Hence the present system can be used to detect audio'frequency
fluctuations in the ambient ionised medium, Useful studies of
 such fluctuations have been made using this system (Satya Prakash

et al 1968).

With this system the probe electronics can be located
anywhere within the nosecone of the rocket and a cable used to
connect the sensor to the amplifier.. When the sensor is
connected'throegh a cable the effective distributed capacity
in the cable is reduced to —§~jwhere C = cable capacity and

é is the gain of the amplifier,

4) A thorough check up of the probe electronics -just
before launch 1s necessary if the data are to be meaningfully
interpfeted{ All the test points are brought out of the rocket
through.a main comnector called the umbilical connector. Any
lead connected to the sensorlcan not be brought to the connector
" since it will not only produme leakages but also act as an

additional sensor during the flight and affect the sensor eurrent

in a complicated mamner, Therefore in any ordinary Langmulr

probe system no test point is brought out from the sweep generator an{

|



;_43 ]

It is not pbssiblé to enéurg a completely satisfactory perfor-
‘mance of the'eleetronicS'beforeA1aunching.. In the'présent
- system the referencevpoint_which follows the sensor potential
can be bfdught out: and,hence the performance of the Sweep

electroniecs chekeced priior to launching,

1.4 | Description of the system: Fig.12 is a block diagram
 of the Langmuir probe system. A voltage functien which variles
in a manner reverse to‘the sweep to be applied to the sensor is
generated at G"amd‘c@nn@mted to the refeyence electrode
(rocket body). The electrometer amplifier works on voltages
V' +187V, V,' and V' and V,' - 9V with V' = Vg as the reference
voltage of the amplifier. The rest of the system works on

the 27 volts supply obtained from V,* + 18 V and V' - 9V,

The amplifier cutput ls an analog voltage which is a known
function of the input current (the current collected by the
sensor). This output is fed to auitable voltage

controlled oscillator which converts it into a frequency

which can be medulate the rf carrier on an IRIG subcarrier

channel, Since in practice a large dynamle range of{\

probe current isf¥ncountered two subcarrier channels are used

to abuain optimum information efficiency. Qna‘ehanhal is used

for lower probe currents and the amplifier output is directly

fed through a limlter network to the voltage conctxrolle d osecil-

lator. The oﬁher channel which is used for larger probe
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currents is fed by the'amplifier-output through a dividing
network, The outputs of the two voltage controlled oscillators

are mixed using a passive mixer and the mixed output allowed to

modulate the rf carrier from a suitable transmitter.

To facilitate data'reduction.énd to check for ampli-
fiervdrifts a calibration mark is obtained for zero input
current to the amplifier for about 50 milliseconds at the end
of every operatiomal cycle of the Langmuir probe. A small signal
of a few mV at 500 hz can be superimposed on the sweep that 1s
applied to the sensor; If the a.c component of the amplifier
output is amplified and detected it wlll be a measure of the
'instantanéous slope of the probe current-voltage charaéteristic.’
Since this measurement is not affected by fluctuations in rocket
potential it can be more useful in determining the electron

temperature than the actual current voltage characteristic,

2. - The probe assembly

Fig.13 illustrates the probe assembly used on most of

the experiments., The sensor is a stainless steel ogive with a
base diameter of abou 1" separated from the guard by the'insulator.
The teflon piece which insulates the probe assembly from the rockét
body is shaped' to mate with the nose cone of the rocket, Electri-
cal comnections to the sensor and the guard can be made by means
of the long bolt which is screwed in at the centre and the guard
leads. A connector cen be used at the end with its shield
cohneéted to the guard leads through a metal ring and the

central conductor conmected to the holt by means of a pin,
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Fig. 13: The Langmuir probe assembly

|

An insulator with height 1" was used in the earf§

flights, Later it was felt that charge build up in the

nei ghbourhood of the insulator can affect electron tehper~
ature measurements. The ideal size of the insulator would
be such that while it electrically insulates the sensor from
the rest of the system it islnot physically seen by the |
charges in the ambient medium., Therefore an insulator with

smaller height was preferred and the height reduced from 1"

to 1/8",
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Aefodyhémic ff1ction‘cgﬁses coﬁSideraBlé heéﬁing at
the nose'tip during the rocket flight and the materials used
for the electrodes and the insulators must be able to withstand
the resﬁlting high temperatures, Stainless‘steel was considered
adequate for the electrodes. In the case of the insulator, in |

Y

addition to its ability to withstand high temperatures the °
E \._ :

material should have high insulation properties as well as 32
mechanical strength. There is a rather 1imited choice of Y
materials., Ceramic insulators (99% Alumina) have been sucess- n&t
fully used, The 1" insulators used in the early experiments

were made of ceramic and were obtained from the Ceramic grind-

ing Co.of Massachusetts U.S.A. But insulators of height 1/8"
could not be made to order. Boron nitride which hés the ‘ :Q
required insulating properties and which can be easily machined
was experimented with. But it was found to be hygroscbpic and
createlleakage problems, In later experiments teflon has beeﬁ
‘used. Teflon can be easily machined and shaped, It has the
added advantage that it is impervious fo moisture and other
contaminants such as grease and‘dirt. Attempts are being-.made

to use mechinable ceramic and bake the insulator at a high

temperature,

{The probe system was fitted to the rocket nose cone
in the final stages of rocket assembly, Connections to the
§ ~. . sensor and the'guatd were made and the probe assembly screwed
inte the nose cone, 'While the shape and the size of the sensor
| afe not quite ideal from the theoretical point of view, it has
many practical advantages. It makes the system mechanically

simple and no special release mechanisms or opening devices
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are requifed;‘ Since the'éeﬁsor is at the nose tip its perfor-
mance is not affected by the flow of gas around the vehicle,

except when it goes into the wake. The surface area of the

sensor is large enough to collect measurable currents,

‘3, Probe electronics:

The probe electronics consists of a\regulated_ pover
supply a sweep generator, an electrometer amplifier and the
subsystems'neéded for telemetry, The latter include voltage
controlled oscillators with associated filters, the mixer and
the tglemetry transmitter with its power supply and the antenna
assembly., Since the present Langmuir probe system works on a
floating power supply thé reference level of the amplifier does
not remain fixed Wi?h respect to the rocket body during a sweep
and the amplifier ocutput can not be directly fed to voltage
controlled oscillatorS'worEing on a different power supply.
Hence the voltage controlled oscillators and the filters form
part of the Langmuir probé:systemq The a.c signals from the
filters or the composite a.c from the mixer is brought out of

the system and allowed to modulate the radicfrequency from a

transmitter.

The transmitters used on most of the experiments
were standard commer&lal transmitters delivering 2 watt power

at a frequency in the neilghbourhood of 240 Mhz,

3.1 The regulated power supply: The transistorised

regulated power supply shown in Fig.l4 is used to obtain

voltages V,' + 18 volts, V,' and V,' - 9 volts needed for the
A A A ‘

- probe electronics from a floating battery.
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Using a divideﬁ Rl and‘Ré, 1/3rd of the total supply
voltage is compared with a'9”lets referencé voltage. The
reference voltage’is obtained by using a temperature compensated
referenCe.diode IN 935, which required 7.5 ma of current for
operation in the plateau region. This is supplied through the
résistance R,. The tramsistor T, amplifies the difference
‘between the reference voltage 1/3rd of the supply. Any
decrease in the voltage makes T, more conducting which in turn
makes the series‘transistor Tl more conducting and decreases
thé voltage at B, This keeps the supply voltage across AB well
stabilised. Table shows the degree of stabilisation that can

be obtained from this simple circuit.

Table: Regulation characteristics of the power supply shown

’ in Fige 14 e
VIN v out v out at Load
No T.oad
39V 27V 26 .9V 40 ma
34V 26,95V 26 ,9V | 35 ma.
} . ER
29V 26 .9V 26 .85V 30 ma

In this table Vyy represents the unregulated input voltage.
V ¢ 18 the regulated output. The table gives the regulation
‘characteristics both for variations in input voltage as well

as for loaded conditions,

The above power supply was used in some of the early
experiments where the current requirements were small (_. 30 ma).

In later payloads with the addition of new subsystems the current



requiféménts‘bf the payioad iﬂqrease6'and.tﬁe.power-suPply
had to be modified to the one shown in fig.lS. in this
poversupply the one transistor amplifier T, of Fig.ld 1is
replaced by a two transistor difference amplifier T and T,
and the base current of the series transistor Tl is fed
through T,, This eireuit was capable of giving regulation

upto 100 ma,

3.2 The sweep generator: ¥ig,16 shows the sweep

voltage that is to be applied to the sensor. Such a voltage
function can be obtained either by generating the linear sweep
~AB and the constant vo}tage BC separately and programming the
/¢ r
/l
/| /
/
|

| Fig.16: Programming of the probe voltage

probe voltage between the two as required or by generating a
sweep ABC' for the total time interval secs and clipping it
at the level of BC, The present sweep circuit adopts a proced-

ure similar to the latter.

A linear wave form was cbtained by charging a conden-
ser through a resistor across which a constant potential
difference was maintained, by suitable feedback networks.

Fig.17 shows the actual circuit used to obtain the required
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sweep voltage. R'and ¢ formla charging network with a faifly
large time constant, szis an emitter foliower and the diode
network D1 D2 selects the smaller of the voltages at A and B,
The selected voltage at D is fed to the base of I, whose
emitter is commected to the reference voltage VA'. When the
voltage at D is larger than V,' the difference is amplified
and a fraction of the ocutput controls the potential V, to
.Which the condenser C is returned, through the emitter follow-
ers T4 and T,. As the potential at D rises due to the charging
of C, that at B falls until V end V, become equal. Till this
stage is reached the potential‘VQ decreases as V, tries to
increase thereby maintaining a constant curreﬁt through the
resistance R. Hence both Vi and Vz varyylinearly with respect
to VA . When V,, becomes equal to Vg v, no longer varies and
the vaveform at ¥, is exponential, Thils is not seen atl Lhe
output of Tq ‘and hence at G, The net wave form between v,

and G 1is as required in Fig.l6.

Termination of the sweep and restart of the sweep cycle
'is generally obtained by discharging the condenser through a
suitable low resistance path after the lapse of the required
time or when the condenser voltage reaches a predetermined
value; The discharge network can be a unijunction transistor
‘or an ordinary transistor suitably biased or even a small resi-
stance. The choice of the particular network depends upon
the leakages allowed, the sharpness of fall ete. Also in an
all electronic circuit it is more straightforward to sense

a voltage than a time interval., The present sweep circuit



- 57 -

utilises‘a‘differenée amplifier and a monstable multivibrator
and the termination of the sweep is effedted by a low leakage

transistor.

' The difference amplifier T, - Ty triggers the mono-

stable multivibrator T9 ~.T10 when the voltage at A exceeds a

value determined by the bleeder network R13, Rys» Ryg and Ry..

. The pulse from TIO makes the transistor T1 offer a low resi-
stence path to_the condenser voltage V,. The pulse from T,
lasts for 50 milli secs, a time large enough to ensure complete
discharge of the condenser before thé start of the next cycle,

3.3 Electrometer amplifier: Typlcal currents expected
10

during a Langmuir probe experiment vary from 107" amp to
several tens of microamps. Such small currents can not
directly operate a telemetry system, The required current
amplification is generally obtained by using an electrometer
amplifier, In an electrometer amplifier the current to be |
measured is passed through a suitable resistance and the
voltage across the resistance measured by means of a suitable
lamplifier (Fig.18). The voltage drop in the amplifier set up
is négligible and the instrument becomes essentially a current
meter, The value of the resistance used should be such that
the 1ow currents to be measured produce appreciable voltage
drops. Hence ﬁhe input stage of the amplifier should have

a high imﬁut impedance, Hence an all transistor amplifier
generally does not serve the purpose. Vacuum tubes have to

be used at the input stage, For very low current measurement
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special electrcméter tubes with grid currents less than 10712

amp are available, Typical électrqmeter.tubes are Raytheon

CK 5886, CK 5889, Philips 4067 ete.

More recently a special type of transistor known as

the field effect transistor is becoming commerclally available.

Different types of field effect transistors depending upont:hg

_process of wmanufacture are available (Cullis 1965). They are

all voltage controlled devices and are therefore hore nearly
equivalent to vacuum tubes than the more common bipolar transi-
stors which are curfent controlled devices, The input impedance
of a field effect transistof is that of the reverse biased gate
diode and is thérefore high. Typical gate currents are of the.
orderof 10'9 amp. (A recent type of field effect transistor
known as the MOSFET is re?orted to have typical gate currents

of the order of 10'14 amp) So field effect transistors can
effectively replace electrometer tubes, The a&msaller size and
the low power consumption of the field effect transistor makes
it a much more convenient component than the electrometer tube,
Moreover when used in a d.c amplifier it eliminates driégb due
to filament voltage variations,IGVen though there existsfa drift
term associated with the leakage current of the reverse biased

gate diode.

The basic considerations in the design of an electro-
meter amplifier are stability, frequency fesponse and signal to
noisg ratio, Use of negative feed back reduces zero drifts
considerably even though it does not give large voltage gains

(ex. Bode: 1945). The frequency response problem can be illust-
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treated by‘taking‘a typiéal;example.' If an amplifier is designed |
' -10
0

to measure currents of the order of 1 amp the input impedances

‘will be of the order of 1010 oﬁms. "Even 1in the absence of
external capacitances ahd stray capacitive effects (which can
never be completely eliminated) thére is always the input capaci-
tance of the electrometer tube or the fleld effect transistor
which is of the order of a few picofarads. Assuming a typical
value of 5 pf at the input of the amplifier one has an RC combi~
nation with a time constant of 50 millisecs, Héncelthé amplifier
is insensitive to ffequencies‘more than 20 cycles per second,
Such a system would not be useful in many spplications. In the
present case it would not be suitable for retarding potential |
analysis of probe current, study of fine structure in probe
current profile, etc., Here again the use of negative. feedback
very much improves the situation., Refering to Fig.l9 the
effective input impedance of an amplifier which utilises 100%

hegative feeback is given by

| ST,
(v = Ay T A | ©(15)

Since the input impedance is effectively reduced by a factor

(A + 1) the fréquency response of the system goes up by the

same factor. Hence a high frequency response can be pbtained

by having large loop gains, Since gains of the order of 104

are not uncommon the use of negative feedback solves the problem
of frequency response. (In the above illustrated example even

a loop gain of 100 would give a frequency response up to 2 khs

which is adequate for the present investigation. For large
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loop gains‘the sensitiveness of the system is equal to that
of a voltmeter with a shunt resistance Ry and as long as the

civeuit is used with a current $ource the drift is the same

as that of the voltmeter Of‘Eig.18‘(Praglin and Nicholas, 1960){

With large loop gains there will be a tendency for
oscillations. Stabilising networks~have to be used to prevent
‘them, Intevnal as well as external networks are used., Internal
networks consisting of feedback capacitors give stabilisation

to each stage while external networks give overall stability.

Signal to noise ratio: In an electrometer amplifier

of the type under consideration the only important source of
noise is due to internal noise generators in the electrometer
tube or the field effect transistor at the input stage. This
source is generally unaffected by the circuit capacitances, the
noise source remains constant over a wide band of frequencies

and is amplified from stage to stage as the forward gain incre-
ases. Therefore it can be bothersome beyond a certain frequency,
Praglin and Nicholas (loc cit) have shown that if 's!’ iﬁ,ﬁhe
tolerable signal to noise ratioc the amplifier gain (A) sb@ﬁld.

not be increased beyond a value given by

\

A' - M——A

S S e (16)
where €5 = noise source amplitude, considered as a voltage
generator. Typical values for €n are a fraction of a ‘ﬁv for
electrometer tubes and a few MV, up to a maximum of about

10 for field effect transistors,
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with 8 = 500 this gives an upper limit of A = 1000,

Electrometer tubes have much smaller noise figures
than field effect transistors even though low noise field

effect transistors are available recently.

Fig.20 shows an electrometer amplifier employing

field effect transistors which was used in some payioads.

‘The input stage is a difference amplifier (Tl’ Tz) using

field effect transistors Crystalonics 2N 3084 which is an
N chamnel epitaxial device with a rated maximum grid

-10 alp., (For the Crystalonics series of field

current of 10
effect transistors the manufactuers use the terms anode,
cathode and grid to represent the three terminals of the
transistor). It is therefore suitable for measuring

currents down to at least 1077 amp, The characteristics of
different pieces of the same type of field effect transistor
from a given sample, were found to differ considerably from
one another and from the manufacturers published data, Hence
characteristics were determined for individual transistors
and palrs with nearly identical characteristics were selected
for use in the difference amplifier, From the pair, the
transistor with lower grid current was selected for the input
transistor Tl' Quiescent conditions for the amplifier were

determined from the experimentally drawn characteristics of

the pair. For o N channel device, looking from outside the
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FIG.2/ SINGLE ENDED ELECTROMETER AMPLIFIER
USING ELECTROMETER TUBE
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‘tfansistér‘the grid‘currént;is a positive current flowing

out of its grid. Its value increasés with increasing negative
bias, Hence steps were taken té évoid a large negative bias
of T,. The operating péint of T; is determined such that it
is in the linear range of operatioﬁ and the grid current of
Tl is small and the values of theAfesistance_Rl, R2 and R3 in

Fig.20 calculated}

The transistor difference amplifier (Tg, T,) gives
most of the loop gain of the amplifier. When the anode
currehis of.(Tl, T2) are small interstage emitter followers
employing low leakage transistors are used, The voltage drop
across the common emitter resistor R5 is decided by the
previous stage. For a given R5 maximum gain can be obtained
by directly connecting the collector of Iy to the negative
supply and using a large value of Ry, the collector resistance
of T,. But a small resistance Ro 1s used at the collector of
T,

3
and R7-are calculated from considerations of the total voltage

to protect it from large current changes. The values of R

swing expected at the output (and hence at the collector of
T4) and the loop gain needed. The feedback condenser between
the collector and base of T, reduces the tendency towards

oscillations.

(Tg, Tg) 1s an emitter follower stage using a NPN,
PNP pair of transistors., It gives a very low output impedance.
Nearly 100% feed back is given from a suitable point on the

emitter resistor of Tg. The actual feedback point and therefore
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‘the péréentage féedﬁackviS'determined by an constraints on
the value of the amplifier output for éero‘input current.
Fig.21 shows a single ended electrometer amplifier

employing an electrometér tube, Raytheon_CK 587 with a rated
grid current of less than 10714 amp which was used in some
of the experiments., It has better signal to noise ratio and
~can be used to measure smaller input currents depending upon
the feedback element used, But a difference amplifler stage

at the input as in Fig.20 would give better stability,

The feedback element; The amplifier is required

to cover a wide range of input currents. But the output of
the amplifier is limited by supply voltages and considerations’
cf telemetry requirements. In such cases it is customary to}
use an amplifier which has a non linear input - output relation-
ship or employ a fange switching device in which the sensitives
ness of the amplifief is sequentially increased or decreased |

as the input current decreases or increases,

In order to obtain a nonlinear relationship between
input current and the output veoltage a nonlinear feedBackJ
element is used. A logarithmic device such as a thermioni¢
diode operated in the space charge region or a sillicon junctién
diodé operated over a narrow portion of the forward biased
region is common in some applications, It glves a relationéhip

of the form

Il

Voo = A 1&3 v b (17)

where A and B are constants,
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While such an element covers a Wi&é range of input currents
(about 5 to 6 orders of magnitude) the compression produced

is too large for the present purpose.
The present requirements are i«

(1) Cufrents from 10~ amp to several tens of micro
amperes must be measured, (ii) The output voltage should be
- measurable at the lowest current 1077 amp, a value of 0,05V
or more would be convenient., (iii) The output voltage should
attain nearly the maximum available value (5 to 10V depending

upon the amplifier design) for a current of about 10 a.

Smith has used thyrites in a similar experiment ,
(1964), A thyrite or a varistor is a non linear resistance
material such as silicon carbide in which the current varies

as a pover of the voltage across it,
I = xv° (18)

‘The exponent n depends upon various factors in the mamufacturing
process (in addition to the composition of the material), It has
a minimum value lying between 1 and 2, and increases witﬁ voltage.
In special cases n may be as high as 6, (The higher the value
of‘n the more nonlinear is the device), The constant K depends
upon‘the dimensions of the thyrite. It is proportional to the
area avallable for flow of current and varies inversely as the
thickness. It is possible to choose a pféper thyrite to suit

the requlred purpose,

Some of the general Electric thyrites such as 65D5010,

.67D5010 and 68D5010 can generally handle currents in the range
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‘10-9 to 10'5'amp.'ne§endimg'qn the.exparimental cifcumstances
different t&yes and smﬁe timés dif fereht combilnations of these
were used to get optimmm vesults. Fig.22 shows the character-
isties of one such set used in one of the flights. Hven
thyrites of the same type were found to differ markedly from
one anothér in characteristies. The potential - current curves
were drawn separately for individual pieces and suitable ones
vwere selected. Thyrites which showed a ﬁolarity effect
(voltage across it depending on the current direction) were

rejected,

A disadvantage of thjriteAis the fairly high dielectric
constént (30-100) of its material, Hence the use of a thyrite'
would introduce considerable capacitance along the feedback and
affect the frequency response of the amplifier, (The thyrites
used were found to be unsuitable for frequencies greater than

9 khz). Also in genersl the use of any non linear element

gffects the frequency respohse of the amplifier since adequate

compensation will not be possible for its distributed capacite-

PR

ances,

pmplifier zero: An inflight calibration of the

amplifier output corresponding to zero imput current will
make data reduction easy and also give a useful check for
amplifier drifts and leakages in the system. Such a cali-
bration can be made elther (i) by introducing a relay at the
input of the amplifier which cuts off the lnput to it by
discomectling the sensor from it for a given interval of time

( ¥ = 50 millisecs) at the end of every operational cycle or
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(11) by'ﬂsin%kthé_rélay<t0 short'thé'feedback clement for
the raquiréd-time. | |

Fig.23 shows the circuiﬁry,used to obtain the
calibration mark, The pulse from the monostable multi-
vibrator (Tl, Tz} with a time constant of about 50 will -
secs, drives the relay through the current amplifier T; at
the end of every Langmuir prcbe cycle., The vrelay wes
obtained by winding & coil around & G.E. veed switch

(Dr - 100); it requiréd.a current of abeout 10 ma at 6V.

3.4 Output channels: The amplifier has linear

response in the output range of -6V to %12V, In crder to

get optimum infcrmatién efficlency the entire range of output
voltages was utilised to cover a current range of about 1 a
for positive current and 10 a for electron current.vtA large
margin is given to accommodate larger positive currents to
the,prpbe which may arise due to photeemission, degassing
ete,) The ouiput was telemeteréé on two channels:- one with
high sensitiveness which would give good resolution even at
low input currents and the osther with lower spnaitiveness
which would be useful for large probe currents, The amplifier
output is directly fed to the higher sensitiveAchanhel after

. passing it through a suitable limiting network. Most of the
voltage contrmlled oscillators used could cover a range of

-0.5V to + 1.2V, So the limiting network limited the voltage

fed to the VCO within thesé 1imits.‘ The lower sensitive channel -

was fed by the am;lifier cutput after passing it throgh a

dividing network Where the output was reduced by a factor of
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about 10, This éhannel‘gngS'uSeful information even after
the higher sensitive channel saturates., Fig. 24 shows the

arrangement used,

When the number of channéls available 1s limited and
two channels are not available for telemetring Langmuir probe
data the sensitiveness for the system can be swltched Eetween
~high and low every alternate cycle by using a relay as shown
in Fig. 25, The same can be effected without disturbing the
amplifier by using a system shown in Fig.26. In this system
R; and R, form a dividing metwork when T, and T, are both
conducting (every alternate Langmuir probe cycle) and the
sensitiveness of the channel will be low. When Tl and T2
are both not conducting (which happens for every other alter-
nate eycle) the full signal with a little attenuation deter-
miﬁed<only by the leakage current in TB) is fed, and the
sensitiveness of the chanmel is high., Complete circuitry

for both these systems was developed and tested,

3.5 Subcarrier oscillators: The amplifier output 1§,

converted into a suitable ffequency which can be telemetred

on one of the IRIG subcarrier channels usifhg voltage controlled
oscillators. Selectlon c¢f the parﬁicular subcarrier channel
depehds upon the intelligence frequency needed. The intelli-
gence frequency is generally 20% of the band width on the |
subcarrier channel, which in most cases isvgenerally + 7.5%
and in some cases +15% of central frequency. The minimum
intelligence frequency needed for a Langmuir probe experiment

is decided by the slope in the retarding potential reglon of
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the probe characteristic. An electron temperatura of 200°K
corresponds to a mean electron energy of 0, ,023V, If this is
to be faithfully recorded in a sweep of 10V an intelligence
_frequency of about 450 Hz is needed, This needs a central
frequency of about 30 khz or more for a maximum deviation of
+ 7.5%.

Multivibrator type of voltage contrelled gscillators*
where used because of thelr stability and reliéb“tty. In
fig.h7 Ty, Ty form & multivibratcr whose frpqunpcv varies
vhen the voltage im@ut to the base resistors R, and Rg is
varied., The frequency Vs inmput voltage relationship is
lineasr within a certain range of input wvoltages. Limiting
the collector voltage swings to = convenient value using
diodes gives & geod wavefarﬁ at each collector and also
Freﬂumnnv stability, The translstor ?Q and the network,
(Rg, Cgy), functions as a low pass filter which decreases

the harmonie content,

Adjustments and;precauatlon for the voltage

contrulled oscillators: The maximum valua of the

feeding resistor (R,, Rs) which will give goed square waves at
the two coliectors over the required range of input voltages
is determined., A suitable value belew this maximum is ‘used

The coupling condensers Gy and C2 and if necessary the values

% The voltage controlled oscillators used on most of
the flights were developed by the author's colleague

Mr. S.P, Gupta,



{1e

AP
o LS LaTNEE =
RS RETRIER 51104
SSYJANYE s
3 |
s A6 At
AT ,_8.4.3 S - e : 4 |
| AO AN £y 1n0
= P N . d Z Nm n=>_<
A p i \“ :.\— L<<< O
18, < ] P 430IAIQ
iy M 4G LIZHN OV Sq Oﬂ A —AAN mM
M3 WA oy 8y WI.: I 1} | |
ol ssvaanve | P [Tl 2 0
. 3 S| >+ °- K
A
Ly




- 69 -
of the registoré R14 and R5 are adjusted to give the required
frequency and bandwidth, Once the central frequency and band-
width are adjusted the oscillator is tested for linearity by
feeding different voltéges at the input and measuring the
frequency on a frequency counter.- Figs.28 and 29 show the
performance of a set of voltage contrclled osgillators used on
one of the exyeriménts (£flight 20.05), The voltage controlled
oscillators were also tested for stability against temperature
variations by enclosing the circuitry in an oven aﬁ 150 for
about half an hour; Its performance such as centre frequency,
bandwlidth and linearity are tested when the circuitry was

within the oven,

3.6 Subcarrier filters: In order to prevent any possible

inter-channel interference the output of the voltage controlled
oscillator was passed through a band pass filter with a pass
band of * 7.5% about the centre frequency, In the early experi-
"ments filters employing frequency selective amplifiers with
twin T networks (which give a broad null in the pass haﬁﬁ) as
feedback elements were used. BEven though their performéhce

was satisfactory the advantages of using a Qaséive filtér were
obvious.. On some ekperiments commerical telemetry bandpass
filters (U.T.C, and Thordarson & Co) were used. More recently
- band pass filters using molybdenum permalloy toroldal cores
were devaloped and found satisfactory. These were used on the

later experiments,

3.7 The Mixer: VWhen more than one subcarrier channel is

being used the signals from the various sub carrier oscillators

(after passing through the filters)'are mixed in proper propor-
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tions Béforé‘the mddulﬁtidn étage..‘Bqth passive and active
networks can be used for mixing. When oni& a small number of
channelé are used a passive mixer using resistance networks
is convenient. The amplitudés of the individual subcarrier

frequencies is determined on the following considerations.

The major coﬁsidar&tion is the signal to noise ratio.
It becomes important if the rf carrier level is low or is
expected to become low during the flight. In a FM/FM system
the subcarrier signal amplitude to noise retios will become
@éual for all channels at the receiver input, if the
carrier deviations are propertional to 3/2 power of the
central frequency (Leroy Foster 1962), However in practical
systems there ave other lmportant factows., Unless the carrier
deviaticn due to a glven sub carrier chammel is above]a certain
value noise modulaticn of the transmitter becomes dominant,

Generally a minimum deviation of 3 khz is recommended.

So one method of determining the subcarrier amplitudes
1s to normalise the deviations in the ratio of 3/2 power of the
subecarrier frequency subject to a lower limit of 3 khzj,iThe
totel carrier deviation is determined by the characteriétics of
the transmitter, For most commercial transmitters in the 215-
260 Mhz band the avallable carrier deviation is 125 khz. So
the actual values ave adjusted éuch that the total deviation

is 125 khe.

However in many cases the 2/2 power law does not
prove to be satisfactory. It glves high subcarrier amplitude

' ratios between the high and the low frequency chanmels. For
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‘Exaﬁyle‘i&e<r&tim‘hetW@éﬂ the ampliﬁﬁées of the 10.5 khz and
the 70 khz chamel will be aEeut 2G. Sueh~1arga ratlos in
addition to heing inconvenient in practice can produce inter=-
modulation, Cross ptoducts prmducéd by the high frequency
subcarriers have an amplitude ptcpcrticnal to the lsrge ampli-
tudes of the frequencies producing them vhile the hands with
which théy interfere are likely to be at low freguencies and

' hence have low amplitvdes, Thus percentage wise the cross
product aﬁplﬁtudes way be magnified several tlwes. . Therefore
compromise systems involving linear taper, or sometines even

e
a half POWF taper, have been sugpgested.

The best method in praestice was found to be actual
experimental determination of the optimum amplitudes which
do not glve any intermodulation effects and which glve
sufflelent signel to neise ratio at the recslver in?ﬁt when

the transmitter 18 operated at low power. This method was

adopted in the experiments.

3.8 The transmltting system: The telemetry transumitter

used on most of the experlments was a comnercial transmitter
{Bendix or equivalent) wihich could deliver a power of 2 Watts

at a frequency in the nel ghbourhood of 240 ¥hz. The transmitter
needed a 130-200V plate supply and a 6V fisment supply which
wera obtalnad from DC-DC converters fed from Yavdney silver

calls, The telemetring antennas consisted of four turnstile

antennas located in quadrabure.’
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The transmitted signals were received at a ground
receiving‘station. The‘details of receiving aquipment are

given on the pages 43-53 of the TERLS hand book (1967).

4, - Payload tests:

During flight a rocket payload isviikely to be
subjected to vibrations and shocks and considerable heating.
In order ﬁo.ensure that the payload perférms satisfactorily
under such:adverse conditions the various subsystems of the
probe electronics were indiviﬂu§11y'and collectively subjected
to a certain environmental tests., Individual electronic cards,
such as the sweep generator, the amplifier, VCO's ete. were
tested for prbper performance upto temperatures of 150°F,
Fbr this pﬁfpose the card under test was kept in a constant
temperature oven at 150 for about half an hour to ensure
that all the components have attained that temperaturé; The
performance of the circult was tested at this temperature
(with the card still in the oven). When the individual circuit
cards are found satisfactory'they are potted in Eccofoam
(Emerson & Cuming Inc), so that the components are protected

from vibration and shocks.

After the individual cards were tested for—pfoper
performance the payload was completely assembled and the
assembled payload was subjected to vibration tests, by using
the shake table facility available at the Thumba rocket range.
The payload was generally tested for proper performance up to

200 cycles and 10 g - the limits of the facility at TERLS.
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5. gge'launch éhecks:

The payloads are checked for proper performance after
assembly in the rocket and when the rocket is on the launch pad
Eefore 1aﬁnch, The preiaUnch checks are donme using an external
battery source and the payload is switched on to the internal
batteries only a few minutes before launch to conserve internal
battery power. The switching is done using reiays situated
inside the rocket, but operated from outside, Electrical
connections for operating the relay and the Various‘test polints
from the payload must be brought out of the rocket to the control
station, Generally all such connéctions are taken out of the
rocket through a main connector which is called the umbilical
connector, The male connector isffitted to the rocket skin
and the female connector removed from it just before launch but

‘after all the control operations.

Since all the electrical commnections and the test points
brought to the umbilical connector remain with the rocket skin
and are exposed to the ambient medium during the rocket f%ight
it is necessary to ensure that none of these points rema}ﬁ live
during the flight, Any power point coming to the umbilical is
disconnected from it using relays before launch and before the

female connector is removed from it.

Fig,30 illustrates a typical set up used for payload
control before launch. Hermetically sealed latching relays
(Potter and Brumfield type SLGL1DB 24V) were used for switching

the payload from external to internal batteries, N
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Fig. 31: Langmuir probe electronics with

sensor assembly.
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Fig.32: A Langmuir probe payload assembled in
the payload housing of a Nike Apache

rocket .
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CHAPTER V

 LANGMUIR PROBE FLIGHTS FROM THUMBA AND THE EXPERIMENTAL RESULTS
Several LanémuirAprobelyayioads based on the design
detailed in Chapter IV were constructed and flown on Nike
Apache and Centaur rockets from Thumba (8°31'N, 76°52'E, dip
0°7's), The following gives a brief summary of the flights

and the rocket and payload parfofmance,

1. Summary of Langmuir probe f£flights from Thumbaj

Flight 1.  Cematur . 15,01, 30th April 1965, 05.22 Hrs, IST,
Side sensors were used, The Langmulr probe payload
was accompanied by a sodium vapour payload. The
Langmuir probe electronics functionad satisfactorily.
But the probe function was affected by the presenge‘
of insulating paint on the nosecone. No useful data
was ecollected because of this and/or the following

reasons s
(1) use of side sensor of small probe area

(i1) small electron densities prevailing at the time
of the flight. | 2

Flight 2. Centaur 15,03, 8th January 1966, 18.41 Hrs. IST,
Tip senaéf was used, The Langmulr probe péyload was
acecompained by a sodium vapour payload, The performance
of the payload was satisfact%ry‘until T + 40 secs, when
the ground recaiving statlon reported loss of telemetry
signals, Hence no useful data was collected, The

sodium vapour timer functioned prematurely at T + 38 secs.
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With the sodium ignition the transmitter cables and/or
the clrcultry might have been damaged resulting in
loss of signals. 4
Nike Apache 20,05, 7th July 1966, 13.45 Hrs, IST.
Tip sensor was used. The Langmuir probe payload was
accompanied by a proton precession magnetometer

payload. The performance of the probe and the

electronics was satisfactory throughout'the flight,

Flight 4,

Flight 5.

Nike Apache 10.11, 12th March 67, 18.57 Hrs, IST,
Tip sensor was used, The Langmuir probe payload |
was accompanied by a sodium vapour payload. The
performance of the probe and electronics was in
general satisfactory. Some leakage due to absor-
ption of moisture by the boron nitride insulator
was observed in the initial stages of the flight,
The leakage decreased with time and became negli-
gible at about T + 100 secs. This leakage was

corrected for and the data analysed. -

Nike Apache 10.14, 13th March 67, 05.44 HRS. IST.

Tip sensor was used. The Langmuir probe péyload

was accompanied by a sodium vapour payload. The
performance of the probe and the payload were in

general satisfactory. However the ﬁower'of the tele-
metry transmitter decreased drastically within the first
minﬁte after launch and the signal to noise ratio

gradually decreased during flight., Noise became
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rpradominant after T + 180 secs and further data

Waé irreduciblé,

Flight 6. Nike Aﬁache 10,12, 12th.March 67, 22,30 Hrs, IST.

‘ The payload was a composite payload of Langmuir
probe and TMA release exPeiiment supplied by the
Geophysics Corporation of America through NASA,

The payload performancg was in general satisfactory
even though there was a slight malfunétioning of the
sweep electronics., The data could be usefuily

analysed upto the time of TMA release (T + 246 secs).

Flight 7. Centaur 45,01, 19th April 67, 10,30 Hrs, IST.
This was a test flight, primarily meant for flight
testing certain indigenously developed telemetry
subsystems and mechanical devices, The opportunity
was utilised to flight test a wire release mechanism
for projectihg a long wire out into the ambient
medium, The wire was used as a cylindrical Langmuir
probe, The probe and the payload performance was,
satisfactory upto T + 100 secs when effects wefe
obsexved indicating'the wire going into the wake of
the vehicle. The rocket performance could not be
properly assessed and therefore the probe data could

not be usefully interpreted,

Data from flights 3, 4, 5 and 6 where the Langmuir
probe collected useful data were analysed. The results are

presented in the following paragraphss
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2.  Nike Apache 20,05 - July 7, 1966, 13.45 Hrs. IST.

A Nike Apache rocket eafrying a Langmuir probe and a
~proton precession magnetometer Wasnlaunched with a wind corr-
ected azimuth of 270° and an elevation of 82°, It reached

‘an estimated height of 176 Km.

The Langmuir probe assembly consisted of a stainless

steel sensor, ogiVe.ih shape, with a surface avea of 22 sq.cms

(éffective surface area = 6 s3q., cws, (Smith, 1966) ) situated
at the nose tip of the rocket. The sensor was insulated from
'a stainless steel guard ring by a ceramlc insulator 1" in
heigﬁt. The nose cone of the rocket was made of fibreglass,
The main body of the Apache rocket was used as the reference
electrode, (The area ratio between the two electrodes was
of the order of 1000), The probe voltage was programmed to
vary linearly from -2.4Vto + 2,4 V in about 0.6 secs and

stay at a fixed voltage of + 2.4 V for 1.5 secs, During the

latter interval the probe current was used to study variations

in electron density, The varying portion of the sweep was used
SN

for détermining the electron temperature through the analyéis
of retarding potentials, The probe amplifier employed field
effect transistors and was simllar to that shown in Fig.20.
The system could cover a range of 10‘8 amp to 25 x 1076 amp
of electron current and 1075 amp to 107® amp of positive

ion current, Thé input—output.characteristics of the ampli-
fier are shown in fig.,22, The amplifier outpit was fed to
two subcarrier channels of 22 khz and 40 khz, The 22 khz

channel saturated at 1.2 f;a of electron current and 0.15/4a
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of positive ion‘curreht;  Thé éo‘khz chéhnal covered tﬁe.full
range of the aﬁplifier. The twotchannels were mixed using
simple resistance networks and the mixed signal frequency
modulated the 235 Mhz signal from a Bendix transmitter, The
power requirements of the Langmuir probe system (excluding
the transmitter) were 30 ma at 33V and were provided by using
five Mallory Mercury cells TR 1358 (6.75V, 1000 msh each) in
series, Whichvformed a part of the Langmuir probe system, The

net payload weight was 1.9 kg, including potting.

The performanca‘of the rocket and the payloads was
satisfactory. Signals were recelved at the ground telemetry
station on all channels upto 408.5 secs, from the time of rocket
take off, Magnetometer signals continued to be received up |
to 410,5 secs, When all signals (includihg the carrier) were
1ost., The rocket was launched towards the sea, Assuming that
the signals were lost when the transmitting antennas got sub-
merged under the sea 410.5 secs, waé taken to be the total
flight time of the rocket. Using this time and the launch
parameters a typical Nike Apache trajectory was camputea and’
used for interpreting the experimental data, (No direct

information was available about the rocket trajectory)..

During the flight, Langmuir probe currert could be
first detected at 58 seecs. from launch., Current was measured
from this instant onwards through the rocket-apogee up to 366
secs from launch when it went below the sensitiveness of the
probe amplifiar, The saturation electron current (more
 correctly the electron current at 42 ,4V) obtained on this

flight is shown as function of time in fig.33. It shows a
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s‘r NIKE APACHE 2005
7-7-66. 1345HRS

5_‘

— — PROBE CURRENT  (MICROAMPS)
.

% 1do 150 260 250 360 3%0 abo
TIME AFTER LAUNCH (secs)

Fig.33: Electron current to the probe at +2.4 V
measured on flight 20.05.

periodicity of about 40 secs, between 110 secs. and 310 secs.
when the rocket was in the B region and where the ambiernt’
electron density was not varying over a wide range. This
‘periodicity is due to rocket precession as discussed on

"pages-Sl-BB. The maximum variation during a precession cycle

is seen to be 8 to 10%. No significant effects were observed

due to rocket spin and wake of the vehlicle during descent.

A study of the volt-ampere curves obtained during

the flight showed that for every sweep the net probe current
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becomes zero at a voltage which is consistently positive and
this value varies from + 0.7 to 1.3 V during the flight. The
values were shown in fig.6 and the possible causes were

discussed on pages 34-37.

The experimental values of the positive ion current
when the probe was at =2,4 V were also not consistent with
theory. The measured currents are everywhere more than an
6rder of magnitude larger than those expected from theoretical
considerations, The ratio of the electron current at + 2.4 V
to the positive ion current at -2.4 V is about 10 for most of
the sweeps. The theoretically expected value 1s about 170,
 Previous experimenters have observed ratios ranging from 20 to
50 (Serbu, 19633 Smith, 1964), The present values are even
smaller than their observations, They are likely to be due
to the combined effect of the enhanced positive ion currents
observed and the reduced efficlency of the probe for the
collection of electrons, While photoemission can give rise
to enhanced positive ion currents therébsé%ved values are too
large to be explained away by such a cause. Outgassing from
the fibreglass nose cone may also be respénsible for the large
positive ion currents, The reduced efficiency for éle¢tron
- collection may be partly dﬁe,tplthe_smaller then optimum value
of the area ratio of the electrodes. ”Smith (1964) has shown
that under such circumstances the electron current to the
probe saturates at much larger probe voltages. It may also

be due partly, to the observed contact potentials, the effect
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of which is to reduﬁe‘the'éffective probe voltage, thereby
reducing the electron curvent collected by it,
In spite of the large positive ion currents and the
observed contact potentiais, the shapes of the current voltage
characteristics were satisfactory. The curves could be subj ected

to ratarding potential analysis and the electron temperature,
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determined. Fi.g 34 shows a typical semilog plot of the
electron current and fig.35 the measured electron temper-
aturas plotted against height. Neutral gas temperatures
a# 14.00 Hrs for the corresponding state of solar activity
(S = 100) taken from the CIRA atandard atmosphere 1965 are
also shown in the figure.

| It has been pointed out in chapter III that in
practice the current voltage characteristic of a Langmuir
probe can not be used to determine the electron denéity
in the 4ionosphere absolutely and that tha @ saturation

electron current to a probe kept at a fixed positive

potential can be used to study the electron density variat-

ions in-the_ ionoég&ggg, if,the electron temperature
vériations can be neglected, The observed probe current
'profile can be converted into an electron density profile
1f the proportionality factor is known from the E reglon
critical frequency obtained by the nearest lonosonde. The
proportionality factor can change with height due to the
changing sensitivenéss of thé sensor with‘changing proper~1
ties of the ambient medium such as the electron density,
electron temperature, collision frequency etc. The change
'in proportionality factor can be specially large below
about 90 km where the ionospheric conditions undergo large

transitions,

The CRPL 4 ionosonde at the Thumba rocket range
was operating during the 1aunch period and ionograms were

taken at 13,42 Hrs (just before rocket launch), and at
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13,51 Hrs. (vhen the rocket was still in the downward leg of
its trajectoryQ; These ionogréms‘andithe ionégrams taken
&uring the rest of the day were characteristic of a normal
gquatdrial.ionQSPhere;. Both the lonograms at 13,42 Hrs,and
13,51 Hrs. showed a critical frequenéy of 3.6 Mz for the
E region, A non blanketing sporadic E reflection was seen
upto 9 Mhz and this is due to reflection from the irregu-
iarities assoclated with the electrojet (Cohen and Bowles,
1963) and not due to a genuine layer, The probe,currént
profile does not show any feature which can be assoclated
with this reflection. Ionograms taken at Kodaikanal
- (10.2°N, 77.5°E and magnetic dip 1,7°N) at 13.45 and 14,00

Hrs, also showed similar features,

The critical frequency of 3,6 Mhz was taken to
correspond to the probe current peak observed at 100 km
during ascent and the observed probe currents were conver-
ted into electron densitias,A Since the ionograms were not
clear at the low frequenéyvend they could not be subjecteq
to a true height analysis and therefore only one calibrati;n

point was available. This was used for the entire profile.
From the well known equation:
o op e 1o g 2 .
Ne = 1.24 x 10* £, (19)

where fo is tha'critical'frequency, in Mhz, the electron

density N, corresponding to 3.6 MHz is 1.6 x 105 electrons/cc.



- 35 -
The observed probe current at. 100 km being 2. 65fka, the

conversion factor for the electron density is1

i

5
éégiiglga =6 X 104/cc per microamper of
T observed probe current.

The probe sensitiveness 1s therefore %—gégfiag = 1.66 ua

per 105 electrons/cc.

The electron density profile obtained from this
conversion factor is shown in fig.36. Although the absolute
values of electron deﬁsity,below_QO km could be uncertain
due to the variations in the conversion factor, the shape of
the electron density profile in these height iegions. appears'

"to be real.

Fig.36 shows that in the D region the ascent and
the descent profiles agree fairly well., The small height
differences in height between similar points in the profiles
cannot be taken seriously because of ‘the approximate nature
of the trajectory used. The D region profiles show a well
defined layer bestween 80 and 90 km. Maximum electron density
of about 104/cc is reached at 87 km during ascent and at
| 84 km during‘descent. Above 90 km, at the base of the E region
the ascent and the descent profiles agree with one another
sbove 130 km, But below 130 km there is a marked differ-
| ence between the ascent and the descent prifiles. These

differences are discussed in greater detail in the next chapter.
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3, Mke Apache 10.11 - MArch 12, 1967, 18.57 Hrs. IST

The probe assembly on ttis flight consisted of a
stainless steel ogive electrode of surface area 22 Sq. cms.
(effective surface area 6 sq. cm) at the nosetip. of the

rocket and insulated from a stainless steel guard ring,
half-an-inch in height, by means of a boron nitride ring
1[8" in height, The guard ring was insulated from the nose- |

cone of the rocket with the help of a %" teflon ring, The
probe voltage was programmed to vary from «1 V to+4 V in
about 0,5 seecs, and atéy.at a fixed voltage of + 4 V for
about 1 se¢. The modifications in sweep levels were sugge- s
sted by the experience gained from flight 20,05, It showed §
(i) that the net probe current becomes zero only for ?Qsitive
values of the probe voltage, {(ii) that the electron current
does not show a tendency to saturate at + 2.4 V, and (1ii)
that the slope of positive ion current to the probe for
negative voltages is small and a gouod section of the negative
voltage part of the sweep is not useful during data analysis.
The larger repetition frequency was aimed at more frequent i
measurements of the electron temperature. .

The probe amplifier employed the electrometer tube
CK587 (Raytheon) with a rated grid current of less than 10714 ‘
amp and was similar to that of fig.2l. With the feedback F
alement used, the.amplifier became sensitive to currents i
down to 1077 amp. The amplifier could cover a range of 10 -9
amp to 10~ -2 amp of electron current and 107 -9 amp to 0,5 x 107

amp of positive-ion current, The probe output was telemctered
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oﬁ tﬁn sﬁb&arrier éhahnels’of440 khz-éhd;70 khz respectively.
An inflight ¢alibration ﬁarks'Was obtained for 50 millisecs.
at the end of every sweep, by shorting the feedback element
through a relay, |
A sine wave of about 2 mv at.800 hz was superpoéed

on the sweep and the a.c component of the output of the piobe
amplifier was telemetered on a third subcarrier channel at
22 khz after suitable filtering, amplication and detection,
When the probe velﬁage was varying, this output measufed the

instanteneous slope cf the J#V_charaeteristic of the probe.

A_calibrated}barqswitch with two pairs of contacts,
'set at 50,000 f& and 70,000 ft respectively, was used to
obtain information about the rocket trajectory. When the
émbient pressure reached the reference value, the switch
closed, making a contact which altered the d.c level of a
poiﬁt in the payload electronics. This was telemetered on
a fourth subcarrier channel at 10,5 khz.

The four subcarrier outputs were mixed using lineax |
passive network following the prbcedure mentioned on page 71
and the mixed signal frequency modulated the carrier frequency
of 241,6 Mhz from a Hendix transmitter. |

The power requirements of the Langmuir probe payload
excluding the transmitter, 60 mA'aﬁ 34_V were provided by five
Mallory mercury cells TR 135 R (6.75 V, 1000 mah) in series.
Théy formed part of the Langmuir probe system. The payload
weighed 3 kg. after potting.
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During the fligbt data was receiVQd on all the
four subcarrier channels upto 336 secs. from launch, when all

modulation disappeared, The rf signals eontinued to be

received upto 405 secs, which was taken to be the total flight'.

timé; The loss of modulation at 336 secs may be due to the
snapping of the cables frohm the mixer stage to the transmitter
or due to some_malfunctioninglin the probe electronies which

- might have occured at that time, The time 336 secs.cdrres~
pon&s roughly to that stage in the rocket trajectory when
the rocket flips over during descent and starts travelling-

with its nose down.

Telemetry records showed the presence of leakage

between the sensor and the guerd electrcde when the rocket

was still on the launch pad. The leakage gradually decreased
during rocket ascent and became negligible at about 100 sécs.
from launch, At 80 secs when the probe curvent had Just begun
to be collected, the leakage constituted only a small fraction
of the probe current and could be corrected for., It is beli-
eved that the leakage was due to absq;}tion of moisture by the
boron nitride insulator during the pre~launch peried and that
it gradually decreased during rocket ascent due to frictional

heating and consequent evaporation of the molsture,

The current to the probe could first be detectad at
75 sees from launch, During flight, the probe curyent was
measured from 75 sees upto 325 secs, when it went below the
sensitiveness of the amplifier., Any medulation of the probe

current due to rocket precession if present, could not be
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'ﬁapamatéd frém the ggmﬁiﬁa‘variqtiﬁms'in probe currvent, No
effect was seen due to ragkmt gpin., Since the‘flight'took
place during twilight hours, effects due to photoemission
vere negligible., Analysis of the volt ampere curves shoved
that as in 29,@5 the net probe currvent bacomes zaro cnly
whan the gm@%a veltage 15 positive, The veoltages were much
larger on this £light, The values were shawn in flg.7,
Exeépt when leakage was presert the ratlo of the saeturation
electron current te the saturation positive fon current was
fgnnd to be faifly loerge, The ratio ﬁa& ebout 150, Fig.9 is
& typical volt « ampare curve cbtained on this £flight,

Operatlon of the bareswlitch could be recovded only

during ancent, This record together with the tétal flight
time was usmad to check the rocket trelectory. This indicated
fhat the rocket had reaghed an altiude of 163 km,

| Tlg.u7 shows a plot of the electron current to the
prebe at v 4V oas e funeilon of helght, Flight time ionograms
did not show any B raflsciion, Apparently the ambilent electron
densitlies weve too low for the sensitiveness of the lonospheric
racorders at Thomba and Fodalkanal, UHence direct normalisation
of ths probw curvents into electron densities was not possible.
However a normelisation was attempted by comparing the perfor-
 mance of this probe with the performance of the probe on
flighe 20,08, |

- On seveval sweeps at different sectlons of the
vocket trajectory and under varylng conditlons of electron

denslties and slectron temperatures the electron current to
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 the probe 18 determined wh§n it_is'aﬁ_+'4 V and + 2.4 V, The
ratio of the éurrent_at +4 V and + 2.4 V was nearly constant
around 2,8, So dividing the probe current by a factor of
2.8 we can obtain a pfofile which can be compared with that
of 20.05,

4

.Senéitivity of the probe ' ,
1’.\3 = 6,1 x 10

on 20,05 at + 2.4 V is

Sensitivity of the probe 6.1 x i04
1 uwa = . B WL L

20,05 at + 4 V would be | 2,8

= 2,15 x 10%/cc

Therefore Lf the probes on 20,05 and 10,11 are identleal
(which they were, geometrically) the normalising factor
for probe currents would be l}ba_#»ﬁ.lS_x lﬂélcc i.e.
sensitiveness of the ogive on 10,11 is 46 é/le
electron per cc. This wvalue agrees well with tha.valué
A;S'P g/las electron per cec obtained by Smith (1965) for
a sensor of similar geometry and cize during a twilight
flight, : | PR
The probe current profile shows that in‘the
D reglon the ionisation had already almost e@mplatély
decayed. 1 x 10”9 amp, the lower limlt of the sensitive=-
ness probe smplifier would on the above mnormalisation
considerations, be about 20 electrons/ce. So at 80 km and
below the electron densities were below thie 1imit bhoth
during ascent and descent. The probe current then incre- -

gsed rather sharply to the base cf the F region., In the

electrons/ce
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E reglon there is cdnsideiable‘ibnisatibn:bétﬁeén 100-and 120
km and a distinct 1ayaring in the 130-140 km reglon both
during ascent and descent} The profile is in general smoother

during ascent than during descent. In the 120-90 km region
tﬁe.descent{prcfile closely follows the ascent profile but
the probe current is everywhere smaller during descent than
during ascenn, The difference is believed to be genuine and
not due to any;effect aﬁspciated with the vehicle; The
rocket was spin stabilised and the shape of the sensor was
such thgt no large sensitiveness to the rocket aspect is
expected, Smith et al (1966)1have seen that the variations
of electron current to an ogive electrode (similar to ours)
kept ét a fiked voltage is less than 10% for a 20° change in
rocket aspect. The maximum change in rocket aépect is
expected to be of this order, Further, on flight 20.05 the
variation in probe current due to changing rocket aspect was
seen to be less,than.IO%. Fig.37 shows a decrease in probe
current from ascent to descent by a factor of about Z, This
18 too large to be due to changes in rocket aspect, Leakage
effects in this region‘were-negliéible.vand the correction
factor an order of magnitude less, so that the observed
effect cannot be due to any overcorrection of leakage.
Effects due to the rocket gciﬁg into the wake of the vehicle
are also small because of the low launch angle (Smith et al
loc cit),

| The effect is apparently genuine and it may be due

to the effect of recombination after sunset and/or the change

in locality of about 100 kms horizontally of the ascent and
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 descent limbs of the sénsérVin‘this height-iegicn. If it is
attributed to ‘recombination effect alone én,effective recombi-
nation cocefficient of about 6 % 10*7~cm?/see wlll have to be
inferred, Other considerations indicate that this valﬁe iS
téo‘large to be true,

_ Thé difference in heights between ascent and descent,
of similar features in the probe current profile, such as the
base of the Evrégian,_the layer of large increase in probe
current in the 130-140 km region etc. may not be wholly
genuine, It may be partly due to the approximate nature of
the rocket trajectory used,

The electron temperature values obtained by the
usual retarding potential analysis are plotted against height
in fig.38. Because of the leakage observed, no attempt = Wwas
' made to determine electron temperatures below 120 km during
- ascent Fig.38 also shows neutral gas temperatures taken
from CIRA 1965 for § = 65, which corresponded to the‘copditions
on the flight day. Comparison shows that during descent the

Y

electron temperature gradually increases ~with increasing;
height and follows neutral gas temperatures up to 130 lm,
But the electron temperature incréases,sharply_aroﬁnd 135 km
during descent and around 130 km during ascent. The increase
in temperatures seem to be localised since the temperatures
tend to fall after 150 km. These regions of enhanced temper-
atures seem to be well correlated with the regions of enhancgd

\\.
probe current of fig.37.
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4. Nike Apacha 10 14 March 13, 1967. 05.44 Hrs. IST.

: The Langmuir_prgbe payloadAon this flight was similar
to that of flight 10.11, except that on this flight the 22 khz
charinel (for information on space potential and plasma noise
was absent)} The 10.5 khz channel monitored the operation
of the baroswitch. The transmitter used was a transistorised
version manufactured by Sud Aviétion and Co., of France. The
general performance of the sensor and the payload electronics
was satisfactory. However the rf carrier level received at
the ground station became 1ow within a minute of the rocket
take off and soon touched the threshold level of 20 v, As
the carrier level decreased, the sigﬁal to noise ratio deterio-
rated, Noise predomenated over thé signal after 180 secs on
all the subcarrier channels and further data was irreducible.
In the time interval of 120-180 secs the record was noisy and
”elecéron temperature analysis could not be performed. Electron
temperature measurements were possible only wupto 120 secs.
However the saturation electron current to the probe could

sti1l be measured within an accuracy of + 10%.

Since the experimental data could be reduced .only
upto 180 secs from launch the baroswitch recording of the
rocket crossing the reference altitude could not be monitored
during descent. However during ascent the time of crossing
the 70,000 ft reference altitude WaS\samﬁ_as that recorded on
flight 10.11 within a few tenths of a sec. This along with

the similarity of the rockets, the payload weights and the
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launch parametars led #o_thé assumption of the same rocket
trajectory for flights 10,11'and 10.14. |

Fig.39 shows the electron current to the probe at
+ 4V plottad against height, In this flight also no
direct caliﬁration for converting probe currents to electron
densities was possible since no E reflection was seen on the
ionograms at Thumba and Kodaikanal. But the conversion
factor of 2,15 'x 104 electrons/ﬁc per a of probe current

vhich was derived for flight 10,11 can be used,

The probe current profile shows véry little ioni-
sation in the D region, a sharp rise from the D region to
the base of the E region and an already well formed E region.
The signal to noise ratio being poor the probe currents above
140 km can be in error by * 10%. In this helght reglon, the
| profile shown in figure represenﬁs a smoothed out pilcture
of the actual profile., It is seem that this profile is alto-
gether different from the one obtained during the previous

evening.

Fig.40 shows the electronftem@eratures that could
be obtained from this flight along with the corresponding
ngutral gas temperatures from CIRA 1965 (S = 65). In spite
of the iimited height range where measurements are possible
the results are extreﬁély interesting, The similarity with

the results from the evening flight (fig.38) is very striking,
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5. Nike Apache 10.12, March 12, 1967, 22.30 Hrs. IST.

E Nike Apéche 10,12 carriéd a composite payload of
Langmuir probe and THMA release expérimenﬁ instrumented by
the-Geobhysics Corporation of America. Langmuir probe
measurements were made on the upward iegvof the rocket
trajectory. TMA was released for neutral wind measurements
during descent, TMA release was actuated by a mechanical

timer set for 240 secs,

The,Langﬁuir probe consisted of an ogive electrode
of_dimeﬁsions similér(tc the ones used on flight 10,11 and
10,14, and the probe assembly was similar to the one exten-
éively used by Smith (1964). The probe amplifier was
sensitive to currents from 100 amp to about 20 X 107% amp
of electron current and about 2 x 10-7‘amp of positive ion
current, There.was_prcvision for inflight calibration of
“the féedback element every 16 sweep cycles l.e. every
32 secs and a provision'for the calibration of amplifier
gero at the end of every sweep.

The payload also éonsistea of almagnetic aspect
sensor which monitored the transverse aspect of the rocket
‘during flight. A baroswitch set for 70,000 ft was used tp
obtain a check on the rocket trajecﬁory, From the baroswitch
readings the rocket was estimated to have reachad a height

of 180 km,

TMA release started at 246 secs when the rocket
was at 173 km in the downward trajectory. While the release

of TMA affected the probe performance the general features
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of the prnbe curreni pfofile could bexﬁéde out éven after
release of TMA. The effeét_oflTMA release on the probe
pérformance is shown in‘Fig,S; The effects are (1) to
decrease the senSitivéness'of the probe by a factor of
about 4 and (1i) to produce a marked aspect sensitiveness

in theAélactron current to the probe,

_ An examination of the volt-ampere curves of the
probe and the inflight calibrations showed that there was
a minor malfunctioning of the sweep electronics. The
negative battéry stérting_the sweep from ~2.7 V had_either
discharged or got shorted., The sweep was starting from a
pasitiﬁa_voltagé and therefore no positive ion current was
collected by the probe., Consequently electron temperatures
could not be unambiguously determined. However with the
help of the preflight characteristics of the feedback element
- of ﬁﬁe electrometer amplifier and the inflight calibration
it was possible to reconstruct the sweep voltage during
flight. The sweep was found to vary from +1.6 to +5.4 V.
This made the sensor collect more current than other GCA -
payloads flown by Smith, for the same ambient eléctrqn
density and electron temperaturé. In ofder to be able to
compare the results of this flight With those of other
flights the volt ampere curves were studied carefully and
currents at +5.4 V, M,O v, 2.7V ahd +2 .4 V deter~
minedyior several sweeps at various positions of the rocket
trajectory. The following table glves the efficiency of
the probe for electron current collection at various fixed

positive voltages.
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‘Probe voltage ) WEfficiénéy.; ‘ggﬁﬁe;gggggnt at.V-vglgg
| (relétiveﬁi’ FProbe current at 2.4 Volts
2.4 Volts | 1
2.7 1.7
4.0 3
5.4 3.95

2.4’V 1s taken as the reference level so that the results |
may be comparable with these of flight 20,05,

The ratio of the efficiencies at 5.4V and 2.7 V
4s 3293 . 2.33 (Simple formula for a sphericael probe would

give'é factor of 2), This figure enables us to compere the

| Aresults of this f1ight with results obtained by L.G, Smith & ﬁ
(1965) on his flights using the G.(C.A, probe,

The ratio of the efficiencies at 4,0 Volits and yi
2.4 Voits is 3., This figure compares well with the ratio ‘ W
2.8 obtained on flight 10,11 and therefore gives greater

reliance to the conversion factor used to convert the probe

IR

currents of flight 10,11 to eleetron densities.

The ratio of the efficiences at 5.4 V and 4.0V
i§ §§2§- 1.32. (The actual observed values for this ratio '; w
varies £rom 1,22 and 1.36), Therefore by dividing the probe . ﬂ
currents obtained on this flight by 1.32 they can be compared

with the results of flight 10.11 and 10,14.
Fig.41 shows the probe_currents‘obsefved on this }‘

flight plotted against heighta. The probe currents are not

plotted after 246 secs (after release of TMA), For the factor
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by which the probe sensitiveness decreésedvmight have been

affected by the variations in ‘the rate of emission of TMA,

The profile of fig.4l shows two interesting
faatures: (1) the probe current in the height.range 100-120
kms are larger than the currents of fig.37 obtained during
the evening of the same day even after cérrecting for differ-
ent prbbe VOltéges; (ii) the presence of a deep valley in
the 120-140 km region, where the electron density falls by
a factor of 4 or 5. This valley could be made out even
during descent, It is not éhown inv figu:e’for reasons
‘mentioned earlier. The larger electron densities during
the night and the presence of the valley in the electron

density both need explanations.
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Fig.42t Positive ion conductivity and probe current at
3;\2.4 V, measured on flight 20,05, in the D
region, plotted against height, '

!

In principle it is possible to determine the positive
ion concentration w, in the medium from these values of cond-

© uetivity o,

-‘)’)Q_QL

04+ = A'9“.\ Wy _ (20)

where 9. 1s the ion-neutral ceollision frequenecy and ™y 1s

the; ion mess . Put this requires a knowledge not only of the
ion mass but also the collision frequency, both of which are
not known with certainty, Here the conductivity profile is
taken to represent only the electron density profile in the

medium as pointed out by Smith,
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The prbba curfént.at fixed'positrve voltage is also
shown in fig;42 for compériseﬁ with the conductivity values,
If 1s”seen'that the probe current profile follows closely the
conductivity variations both during ascent as well as descent,
This gives additional support to the practice of wusing ‘the
"probe current profile to study varlations in electron density

even in the D region,

Mechtly et al (1967) have attempted a comparison of
the electron current to a positive probe and the electron
density in the 90-55 km region of the ionosphere, The electron
densities were determined by Faraday rotation and differential
~ absorption measurements simultanecusly with probe current
measurements. Even though the electron density values used
in this study are not likely tb be equally accuraté throughout -
the height rangg considered by the authors, their results are

\

very interesting. Fig.&ﬂ which is a repggguhtibn from their
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Fig.43: Electron current to a probe at fixed positive
VOltage, compared with the electron density in
the ambient medium at beights below 100 km.
Diagram after Mechrly et al, JGR 1967.
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N péper‘showé that the pfobe‘currént pr@fil@ closely follows the
electron density profile ﬁhroughaut this region., However, a
close study of this figure shows that the ratio between the
probe current and the electron density does not remain constant
throughoutﬂthis height range. The ratio chénges by a factor
of aboqt 4‘fpom 100 km to 55 km as the electron density goes
down by more than three orders of magnitude. The variation

is the combined effect of the decreasing elecﬁren densities

, ahd the changing atmospheric conditions in this height region.
The actual variation is gradual so that the electron density

profile and the prebe current profile agree rather ciosely.

" In the following, the exPerimenﬁal probe current
profile has been taken to correspond to the electron density
profile. To preserve continuity the normalisation factor
obtained at a about 100 km is used even in the lower height
<rég16ns; Hence in the height region below 90 km the actual
electron density values are likely to be uncertain by a factor
which gradually increases with decreasing height, This feature
prohibits any serious attempt at a quantitative study of fﬁ%
data in terms of photochemical processes occuring in this

region,

1.2 ‘Sources of Ionisation in the D reglong: According to

Nicolet and Alkin (3960), D reglion ionisation in the middle

and low latltudes is due to (i) Lyman oL (1215, 6A‘) photo=

' {onising molecular nitrie oxide which is a trace constituent
in the ionosphere, (i1) X rays in the wavelength range 1 to

o .
10 A producing mass ionisation, and (1i1) ionisation due to
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gélactic‘césmic raYs.4‘Ulﬁta#ipiet'radiation'in-theiéchumann
Runge bands éan ionise métallié atoms such as sodium, calcium
etec but the concentrations of these atoms is so low that the
qontributioqlof this radiation to the 1lonisation in the
D reglion can be neglected, Of the three sources of fonisation
the ga}actic cosmic ray contribution exhibits a latitudinal
variation due to the cut off rigidities being different at
different latitudes and is a minimum at the equator, Its
contribution is important only below about 50 km, It is there-
'fore. qeglected in the following analysis, The relative
importance of Lyman o and X-rays in producing D region ioni-
sation is not yet certain, Nicolet and Alkin (loc cit) had
come to the conclusion that LyﬁéncA is the major source of
the entirve upper D region ionisation under sclar quiet condi-
tions and the X-rays would assume importance only underv
~ disturbed conditions. Whitten et al (1964) however, based
on more recent information about the X-ray emission from the
sun, concluded that X-rays are more important than assumed
by Nicolet and Aikin and even under conditions of solar
minimum X-rays (1-10 A) form the major source of ionisation
in the height range above 85 km and that Lyman o is important
.only between 73 and 84 km. During disturbed conditions and at
solar maximum, the X-ray contribution can completely mask the
Lyman o contribution to the ionisation in the D region. The
height distribution of molecular nitric oxide in the lonosphere
which is vital for a proper evalﬁation of the Lyman <\ contri-

" bution, is not definitely known and information on X-ray
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emission from the;suh'has7béaﬁgavailable for only the past
solar cycle'or so, Hence the above conclusions cannot be

‘final,

Contribution due to Lyman ¢ The rate of ion

productién due to photoionisation of nitric oxide by Lyman o{

radiation is given by

Q- o o) nENo) - Ba exp(-T) (219
where ¢: (o) = ionisation cross section of nitric oxide =
2 x 10718 ea®

~ Cno) = number density of molecular nitire oxide
Q. = Lyman £ flux at the top of the atmosphere
N = Optical depth, given by
b | (22)

,\(J__ - Ga (o) jx ’Y\C_OD_) Sec_% d=

with
¢a(0,) = absorption cross section of molecular oxygen for
Lyman% oL radiation = 1}% 10"'2'D emz

i

i .

C0,) = number density of molecular oxygen

)L = solar zenith angle.

The molecular oxygen concentration can be taken from a suitable
etmospheric model., Therefore the rate of ion production due
to Lyman oL can be determined if the concentration of molecular

nitric oxide in the atmopshere is known,
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The nitric oxide distribution in the upper atmosphere
1s not known for certain. According to nicleet (1965), the
nitric oxlde concentration is determined above about 100 km
by photoionisation equilibrium considerations, while below
4106 km it is determined by considerations of photochemical
equilibrium, The latter consideration gives

->000

N 'hCo;) €¢bC, ””j) +S%/§)mCo)

%(JVO) - (23)

where A is a constangn(oz) andln(ﬂ)‘xepresent the concent-
rations of molecular and atomlic oxygen respectively and T is
the neutral gas temperature. Values varying between 0.1 and
0,01 have been used for the coefficient A of the flrst term
(Micolet and Aikin loc city Mitra 19663 Sechrist 1967),
Except at heights where atomic oxygen is important (above
'90 km) the nitric oxide concentration as given by eq.23 is
~ strongly temperature}dependent. Therefore, unless the
temperature is exactly knawn‘onlylrough-estimates of the
concentration can be made. Grenade experiments have shown
ok weseghhente '
that atmospheric heights the neutral gas temperature exhibits

considerable variation from day to day and during the year

(cf W,8mith et al 1964).

"Parth (1966) has made rocket measurements of
: o)
ultraviolet dayglow in the 1500-3200 A wavelength range
and from these measurements has estimated the concentration

of molecular nitric oxide at different heights in the
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atmosphere, Barth's values'afg‘ordars-of,magnitude higher
than the estimates made from eq., 23. It has not so far been

péssible to explain this discrepancy,

‘Ionisation due to X-rays: Photoionisation due to

X-rays is g;ven by

10

< 9, dn (24)
C‘/’ /\:} )\ ’ ’
where
— o (M) M) Ae(x) e»bﬁ-“ﬁ%)
U = % =77 (25)
with

€y, = efficiency for photolonisation =

Photon energy in eV - 500

G x(m)= absorption cross section for the molecule of

type M for the wavelength r e
N(M)= number density of molecule of type M
Qs ()) = Radlation flux of wavelength at the top of the
‘ ~ atmosphere ok )

N. = optical depth, given by
. 4
: QQQ}(&Z
seem) [ mem)
U —?\l » 2 |
X-ray emission from the sun strongly varies with

solar activity. During disturbed.periods and with increasing

solar activity there is an enhancement in solar X-ray emission
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‘and a hardening of solar erays. Therefore, the deter—

'mination of the ionisation produced by solar- X—rays needs

a knowledga of the solar X~ray sPectrum

1. 3 - Iom productien rates for Julv 7, 1966' ‘ eray

fluxes 1n the wavelangth bands 0-3 A 0-8 A 8-20 A and
44=-60 A were measured on the flight day by an NRL solar
radiation satellite and the observations were available from
the published data (CRPL Solar and Geophysical data 1966).
The flux values corresponded to a disturbed sun but ndtto
flare conditions, There was a stroﬁgAflare during the early
hours of the morning of 7th July 1966, but the activity had
decreased by the flight time. The flight time ionograms from
Thumba and Kodaikanal indicated only a normal equatorial
ienosPhere. Using the observed flux values, an X-ray spectrum
of the sun was constructed in tha wavelength band 1-10 A .
Absorption cross-sections at the various wavelengths were
available from the Smithsonian Astrophysical tables and the
number densities of the atmospheriec constituents from the

" atmospheric model CIRA 1965, Hence using the above X-ray -
spectrum ion production rates in ébe D fegion due to X-rays

were calculated.

‘The ultraviolet spectrum of the sun is relatively
. insensitive to solar activity. The Lymanci\fiux in the
atmosphere has been measured under a variety of conditions

over the past years and a value varying from 3 te 6 ergs/cm

sec from solar minimum to solar maximum, has been estimated
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at tha top of the atmdsﬁhere; Using a ﬁalue of 5 args/cm? sec
for the.Lyman‘%A‘flux at the top of the'atmosphere, which
was probably the best assumption for a slightly disturbed
condition during 1966, production rates due to photoioni-
sation of nitric oxlde were calculated, Barth's experimental
values of niﬁric oxide densities and a height distribution of
nitric oxide density as caleulated from eq. 23 using n(0,),
ﬁ(O) and T from the CIRA atmospheric model 1965,‘were empioyed

for the caleulation,

Th@ ion production rates due to Lyman oL and Xerays
(1-10 Z) are compared in fig.é#, With the theoretical distris
bution of nitric oxide there would be a clear bifurcation of
the Lyman J and the Xeray layers. With Barth's values of
nitrie oxide the bifurcation would not be so clear. It is
also seen from this figure that under.ﬁha flight canditiqns,
even with the smaller values of nitric oxide given by eq.23
the Lyman <L contribution to D region ionisation would be
‘more important than the X-ray contripution upto about 78 km,
_ With Barth's values of nitric oxide the Lyman ol contribution
would be greater than the X4ray éontribu;ion u@to 86 km. and
would be an order of magnitude more important throughout the
height range 70 - 83 km, These conclusions would not alter
" even if a smaller value of Lyman oL flux such as 3 ergs/cm?

sec were chosen,

Alkin et al (1964) had also concluded that Lyman
was more important than X-rays 1n the helght reglion below

85 km to explain the results from a mid-latitude rocket
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experiment conducted cio$e to solar minimum (March 8, 1963).
Bourdeau et al (1966) from the experimental fesults of two
rocket flights conducted during the IQSY concluded that
X&:ays'(2~8‘X) were the important ionising source in the
height range 82-88 km, Results preseﬁted in their paper
suggested éhat the height range 66~82 km was ionised by
Lyman °\ although no definite conclusion was arrived at.
Tﬁa above mentibned conclusions were for periods close to
the solar minimum, The calculations presented here are for
slightly disturbed conditions during the year 1966, nearly

midway between solar minimum and solar maximum.

1.4 Comparison of the ion production rates with the
observed electron density profiles In fig.45 the

experimental electron density profiles below 95 km are
compared with the icn4production rates calculated above.

- Curve 1 in figure gives the total production rates for Lyman
and X-rays with the nitric oxide distribution calculated
from eq.23, Curve 2 gives the total production rates for
Lyman o~ and X-rays with Barth's values of nitric oxide. A
- Even though experimental data on electron density is not
avallable below 70 km, it appears that the experimental
results follow more closely the production rates of curve 2
than those of curve 1, thereby showing a preference for
Barth's values of nitric oxide. There is no feature in the
experimental data which corresponds to the dip in curve 1

around 80 km nor the well defined peak at 70 km,
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Anofher“feature”that‘emgfges from this edmparison

is the relative shift between the electron density peak and

the peak in lon production., The D region peak in the electron

density appears around 85 km, which is at least 10 km above
the ion production peak, This height difference seems to be
genuine and not due to an error in the rocket trajectory.

It can be due to one or more of the following factors.

(1) A 1érge variation in the effective recombination
coefficient in the 70-85 km region due to the varying nature

of the photochemical processes occuring there.

(2) The presence, in considerable mumbers of metallic
ions (sﬁch as sodium ions) in the E reglon, This would result
in additional absorption of the Lyman ¥ radiatlon at E reglon
heights, causing an upwerd shift in the production peak
(8agalyn and Smiddy, 1967). |

(3) The actual height distribution of nitric oxide
mplecuies in the atmosphere being different from the one
assumed here, This ls certainly possible in view of ille

understood distributicon of nitric oxide in the atmosphere,

1.5 - The D,region after sunseti Results from the three

flights of March 1967 show that there is little ionisatidén
in the D region except during the sunlit hours. No probe
current was detected below 80 km on any of the three flights,
showing that the eléctron density, if any, was less than
about 20 electrons per cc. After sunéet the solar ultra

violet and X radiations which are responsible for the bulk
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‘of the daytima D reglon ionisation are absent ' The ioﬁi-
sation that was present at sunset decays rapidly due to
dissociative recombination and, at lower heights, due to
attachment followed by ion-ion recombination. Even with
a margin of an order of magnitude in the combined effective
recombinatioh coefficient, the ionisation would decay in
1ess than half an hour, The only source of ilonisation
présent at night is galactic cosmic rays. The ion §r0~ |
duction rate due to cosmic.rays at the equator at a height
of 70 km is about 2 x 10'3/ec sec and this would give rise to
an electron déﬁsity of not more than ten electrons per cc,

a quantity below the detection limit,

The results of all th@ three flights are similar
"in the height region below about 95 km. There is negligible
fonisation below about 85 km and the electron density rises
rathe¥ rapidly above this helght to the base of the E region.
The base of the E region is rather flat except probably on
the morning twilight flight.v_These results are consistent

with the above considerations.
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" ionosphere or not remains to be exp1oreG.

The pfoton preceséion ﬁagnetometer which accompanied
the Langmuir probe on this £f1ight detected a thick current
1§y¢r with a peak intensity of 5 amp/kmz at about 102 km
during ascent and a similar current layer with peak at about
106 km during descent (Sastry, 1968), This similarity in the
electrojet current profiles during ascent and descent contrasts
with thé matked dissimilarity in the electron density
profiles during ascent and descent. This contrast shows
that the electrdjet 1s not solely determined by the local
properties of the medium. It is a manifestation of a global
1phenomenon and is determined by the average properties of the
medium over a much larger spatial extent than the spatial

separation seen by the rocket between ascent and descent,

2.2 Small scale structures: Another interesting

. featiire of the lower B region records (which 1s not apparent
from fig.36) is that, during ascent, in the 100120 km reglon
the probe current shows a marked modulation at & cycles per
second which is the expected spin frequency of the vocket.
Such a modulation is not seen in any other height reglon.

It is agein seen in the same height region during deécent,
‘but over e much smaller height range and with a much reduced
amplitude of modulation, The ratio of the maximum'tq minimum
probe current during a spin cycle is about 1.8 where the
effect is maximm. Fig. 46, which 1s a portion of the
record in this height reglon is shown here to 1llustrate

this feature.
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Fig. 46t A portien of the telemetry record of flight 20,05

' obtained during rocket ascent, in the height
region 1004120 km illustrating the sgin.modulation
on the Langmuir probe current i kol IWﬁr#ﬂ

While it can not be ruled out that the observed spin
. modulation can be created by the outgassing from the rocket
(the nose cone of the rocket was made of fibreglass), the
fact that the modulation is seen only over a limited height
range and that the effect repeats {tself during descent in®
the same height wvange, aven though to a much smaller extent
suggests that the observed modulation is a genuine feature
of the awblent medium., Also there was no obvious large
asymmetry of the rocket bedy around its axis, which can glve

rise to such large modulaticns.
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'Itfhas'been:seen that ean thQﬁgh the sensor is ogive,
and symmetrical about the axis ofﬂtﬁé roeket; it is sensitive to
irregularities in the medium, Therefore the observed modulation
can be attributed to either horizontal gradients or irregulari«
_ties present 1n the ambient medium, If it is attributed to
horizontal gradients they should occur within distances comparable

to the lateral dimensions of the rocket which is about 15 cms,

The height region where the modulation is observed
suggests an association with the electrojet, The presenée of
emall scale irregularities with scale sizes of the order of a
few meters in the electrojet is wall known from the backscatter
work at Jicamarca (for ex Bowles éhd Cohen, 195633 1967), But
no definite conclusion can be arrived at regarding the present
observation since the modulation is weak during descent while the
electrojet profile obtained byﬂSastry shows similar features

during both descent and ascent.

Thet the modulation should occur in the same helght
range wvhere the large scale structure discussed above is seen.
is also interesting. It is known (Gallet 19&5) that in the
~presence of a background gradient of {onisation ‘turbulence can
give rise to small scale irregularities in the medium with scale
skzes of 100 to 200 meters. The percéntage fluctuatlon expected
£rom Gallet's work is only a few percent. But the observed

fluctuations are very nuch larger.
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3. Electron temperatures in the IOWer ionosphere.

3.1 Theoretical knowledgez The equilibrium electreon

temperatures Iin the iOnOothrE are determined by the heat‘
input to the electron gas and the various loss processes.
Absorption of solar radiation produces a general heating
of the\atmosphere. But the ionisation resulting from the
absorption of certain radiations gives rise to photoelectrons
with initial energies ranging frém a few electron volts to
a few hundreds of electron volts. These electrons loose
energy to the ambient electrons, ions and neutrai particles.
The predominant loss process depends on the initial emergy
of the photoelectron and the properties of the surrounding
medium, Due to collisions amongst themselves the electrons
qﬁickly establish equilibrium and attain a temperature of
their own., Heat losses from the electron gas to the positive
lons and neutral particles is a much slower process since
energy loss per collision is small and henge T, > Tg. In
determining the electron temperature, heat loss by the »
eleetrons to positive ions becomes important only above B
about 200 km, At lower heights only the heat loss to neutrals
1s important. The positive ions and neutrals quickly attain
equilibrium amongst one another and Ti:ﬁ.Tg in most of the
regions except in the upper F region, |

Hanson and Johnson (1961) first considered the theore-
tical problem of determining the electron temperatures in the
lonosphere along these lines. Later Hanson (1963), Dalgarno

et al (1963) and Willmore (1964) have extended this work,
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but along similar lines. Frqm-their.ﬁork it is concluded
that the electron tempefaturé'increases with helight in the
"ionosphere, is nearly equal to ﬁhe neutral gas temperature
Abglowﬂabaut 150 km, but above this helght T, > 'Tg and
Ty = Ty increases with height, reaches a maximum around
250 km and then decreases. Geilsler and Bowhill (1965) have
considered the problem by taking into account thermal
conduction along the magnetlie field lines by the electron
gas and non-local heating due to long range interactions
between the escaping photoelectron flux and the ambient
plasma, While their study shows up certain different

features in the F region, the main concluslons about the

lower E region remain unaltered,

3.2 ‘Results, Discrepancy with theory: Thus, theore-

tically, the electron temperature should be nearly equal to
the neutral gas temperature below .about 150 km. But the
experimental results of chapter V on electron temperature
as shown by figs.35, 38 and 40 show a different picture,
These results indicate that Te 1s.everywhere larger thanjfé
even at heights around 95 km (fig.35). Even after sunset,
when the source of heat is removed, the measured electron

' temperatures are seen to be larger thap-the corresponding
neutral temparatufes (fig.38), These results do not
represent an exceptional case, Most probe results on
electron temperature in the E region during different
hours of the day and the night, during different seasons

of the year and during different conditions for solar
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aétivity, from‘éolar miniﬁum.to.solar ﬁaximum have given
values of electron tempefatureererywhere larger than the
neutral gés temperatures. The results have been similar
with different types of sensors. This discrapaﬁéy between
theﬁry and: experiment may be due to one or more of the

following causes.

| (1) The presence of a non Maxwellian distribution
in the medium,
 (2) Presence of inherent defects in the probe.
technique as applied to_detérminaﬁimn of electron temper-

ature in the ionosphere,

(3) Incompleteness of the theoretical treatments

ment 1oned above.

| ’Even though the photoionisation processes give rise
th a-hump in the high energy tail of the Maxwell's distri-
butioq_and'inelastic collisions oniy selectiVely'remove
ehergy, elastic collisions of the electrons amongst them-
selves are very efficient in randomising the electron enar-*
gles QUickly. Therefore the distgration in the Maxwellian
distribution is small and it is generally believed that

for all practical purposes a Maxwellian distribution can be
assumed in the ionbsphere. The second alternative, namely
the possibility of some inherent difficulties in applying
‘the probe technique for electron temperature determination
in the ionosphere becomes particularly important in view of

the recent report from backscatter measurements in France
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| that T, = 11 even at 130 km (Carru et al 1967). (chaver
determination of T / T from backscatter measuremants needs

a knowledge of the ion species and hence these measurements
argbnot‘withdut an uncertaihity'factor)i Also Bowhill (1966)
reports an %valuation of Ee / Tg in the 85-100 km range from
rocket measurements of gas density, scale height and collision
frequency in which the ratio was found teo be nearly equal to 1

(within a few percent).

Possible sources of error in probe measurement of
electron:temperature suéh as charge build up near insulators,
variable work functions of different parts of the sensor
have been suggested (Wehner éné Medicus, 1952). Of these
the second source is very difficult to eliminate, requiring
great care in the menufacture and handling of the sensor,

The effect of charge build up near insulators can be reduced
by the use of a guard electrode which is at the same potential
as the sensor and which is physically closeto it, G&ince a
guard electrode was used close to the sensor in all the
présent'flightsnthe résults are expected to be free from
this effect, especially the electron temperatures shown in
£igs.38 and 40 for the flights 10,11 and 10.14 in which

the size of the insulator was very small.

Regarding the third possibility, namely the incomplete-
ness of the theoretical treatments which predict nearly equal

electron and gas temperatures for the lower E region, one

possibility which might explaln tle experimental observations

is the preserce of additional sources of heat, not taken into

I

i
1.1

st

i
i
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‘account in the above mentioned theoretical treatments., All

the above treatments assume that local heating‘due to solar

radiation 1s the only source of heat in the E region, Electric ‘ﬂ

fields are known to be present and most of the ioncspheric
currents are known to flow in these regions, That these can
provide an additional heat source was first considered by
Cole (1962 a, b) and by Kato (1962). It was shown by Kato
(ldé cit) that the electron temperature can rise upto several
thousands of degrees K soon after certain ionosphefic current
| disturbances occur, while the neutral temperature varies only
slowly, Joule heating near the magnetic equator due to the
electrojet current was considered by Kato (1963) who showed |
that Joule dissipation of the electrojet current system can |
give rise to electron temperatures several tens of degrees
higber than neutral gas temperatures. The following table

is reproduced from Kato's paper.

e

T, = Tg due to Joule dissipation of the electrojet:

W : - B, millivolts per meter s
0.5 1.0 2,0
4x 1070 140°K 500°K 2200°K -
2 x 1074 28°K . 100°K 440°K
1073 5.3%K 21°K 859

N = mean fractional energy loss per collision =

2 me/M w2 x 1074

E = glectric field
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Typical valuns of elecb ie fiald thaL are suggpsted are

0.5 to 1.0 millivolt per materg This glives values of T, - Tg
varying betwaen 28°K and 100°K, (Incidentally, the above
ela¢tric‘fielés are weak encugh so as not to disturb the

" thermodynami¢ equllibrium amongst the electrons). It is seen
that even these figures are insufficlent to explain the

experimental observations,

3.3 Heat input meeced to give rise to the observed

electron temperstures: According to Dalgarno et al

(loe cit) . the heat inputh and the resulting equilibrium
electron temperature T in the ionosphere are related by
’ AT AT A7 '
-2kne %(am NC ORI ) |
ARS | (26)
where the terms in the brackets represent 1oss>terms, the
suffixes indicating the particular constituent to which the

heat is lost. These terms are given by

-1 ~ /o, — T :
Ly o -t I m@ TeT ) @n
M- 0 . L “

-6 ém__i ) ? ﬁCN;)CTe:Tﬁ')
d.Te . ,‘%vy](gx 10 Te P\ (Ny) ) rot
K )N ' (28)

&>
Hvy)ls the rotational loss parameter and 1s a function of Ig.

At 300%K it is nearly equal to 1.

c%> Ly Somcos) Te (TeTg) (29)
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Jdrey L nelledp)
(.31;)1‘ T 2ee T (30)

The last term in brackets of eq.26 which represents
heat lost due to the positive ions is important only at heights
above 200 km and therefore can be neglected in the present
caldulations. Hence, substituting for the remaining loss térms
eq.6 béeomes |

. ) >/Q _
@-'”Eﬁﬁﬁ %ld“thOYTehl;qum N (0) T

V - + 76%/5%’%(/\/;) Te - Io’I}'a\(rv,,) 3 Cle 377) )
(31

Substituting for the atmospherie parameters Tg‘ n(0), n(Oz)
and n(Nz) from & suitable atmospheric model a direct relation-
ship between Q and 'I'e can be obtained for a given n, at any
height in the ioneéphere; This relation can be used to
caléulate the heat input needed for a given (T, - Tg) and
 hence a given T,.

i‘Representative calculations were made for two
heights in the ionosphere, which would be relevant to the.
present experimental results. Electron densities of 2 x 105/cc,
* which would correspond to noon conditions, and 2 X 104/cc
~which would correspond to sunset and sunrise conditions
(and éerhaps also to night time conditions at these heights),
were used in the calculations, The results are tabulated

below:-




n /ce Te“— L % Value of Q required |
' ergs/cm* sec  KeV
2 x 10° 100 o wmo® 2.5
700 6.8x10"8 40
1500 1.8x1077 110
100 km
T_=300°K
g 2 x 10 100 4x10710 0,25
700 6,8x10"7 4.0
1500 1.8x1073 11,0
2 x 10° 100 2.6x107°7 1.6
700 2.,0x1078 . 17.5
1500 4.8x10°8 30
140 km
T = 480°K ‘
g 2 x 10% 100 2.6x10710 0.16
700 2,0x10"? 1,75
1500 4.8x10°7 7 3.0

3.4  Heat flux from the dissipation of currents: Heat flux
.due to solar radiation at 100 km raround ﬁoon is of the
order of 1 to 2 KeV and is therefore insuffiéient to give
rise to the electron températures observed on flight 20.05
(fig. 35) which require a T, - Tg of about 700°K throughout
the lower E reglon, since this would require a heat flux of

about 40 KeV from the above table. If the difference between
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the heat input requiféd and the heat input due to solar
.~ radiation is.assumad toAbe due to the electrojet current

we can wrilte

2.

T
- - - (32)

9

where J is the current density and 03 the cowling conducti-

vity, given by

P
On = ‘6'“| + 5 (33)
where o L2
SR
o -
N e® %”,— ;Z;DQL 7 ML P ed>
G'i > he me Ve (34)
is the Pederson conductivity and
’ QQ‘A‘Q 4 { ->>LCDL i
6?2_ - Me? = .-’V\’\‘Q')’Q_ D)el—{ L.De,z’ WA P ;751‘(‘038‘
(35)
is the Hall conductivity, with s

m, and m; are the electron and ion masses,
~e and > are the alectron and ion collision frequencies
e and o are the electron and ion gyrofrequerncies

respectively.
Substituting for these and form. s can be determined.
For flight 20,05 conditions at 100 km with

ng = 2 x 10%/cc 3, = 1.1 x 18"!3 emu. Since a T, - T, of

‘7oo°K would require about 40 KeV, substituting Q = 40 KeV

and this value of 1in eq,32 one gets J = 8 amp/kmz.
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The proton precession magnetometer which accompaniad
the Langmuir probe on this flight detected a current layer
with a peak current density of 5 amp/km2 during ascent and a

similar current sheet during descent,

Tﬁg electron temperatures of figs,B& and onobtained.
on flights 10.11 and 10,14 are particularly interesting. Both
measurements were made during twilight conditions, one during
evening twilight and the other during morning ﬁwilight, and
Eoth were on extremely quliet days, The temperature Avalues
agreeICIOSely below about 120 km. The large rise seen in the
130 to 140 km region both éuring ascent and déseent of flight
" 10,11 is also seen on flight 10,14, Uhfp:tunately measurements
of flight 10,14 do not extend beyond 140 km. But the available
data strongly suggests a large rise in electron temperature
beyond 136 km, The presence of a strong localised source of
heat in the 130-140 km region is suggested by these values.
 The source is thought to be localised because the electron
temperatures tend to decrease beyond 150 km during the flight
10.11, Such a localised scurce.can be, the existence ofjéurrent
sheets at twilight, lf‘so the strength of the current sheet

can be estimated on simllar 1ines.

At 140 km with N, = 2 x 104/cc which would correspond

"lsemu,'

to conditions of flight 10.11 eq,33 gives c3 # 2.7 x 10
For Ty - Tg = 1500°K as required by the experimental obser-
vations Q needed is 3 KeV from the table.

suhstituting in eq.32 one gets J = 1 amp/kmg.
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Maynard and Cahill (1965) in a rocket flight from
Thumba on 29th January 1964 at 15,30 Hrs. .IST have detected
a current sheet in the 130-140 km region with a peak value of
1 amp/kmz during ascent and 0.5 amp/kmz during descent, Nb
other measurements are available over the equator for similar
hours of the day or for twilight hours. But Maynard and
Gahili‘s flight was on a quiet day and their measurements are
more iikely to represent typical conditlons rather than a
SPecial condition in the ionosphere, If so it is seen that
the observed electron temperatures can easily be attributed

to the floW of currents,

- 3.5 . Gonclusion: The above results show that in the

lower E region the electron temperature can exceed the neutral
gas temperature cansiderably, especially in the equatorial
regions, due to Joule dissipation of electrojet currents. At
the equator in the 100 km region the heat"input to the
electron gas due to the Joule dissipation 6f thefelectrojet
currents far exceeds that due to absorption of solar radiation.
Electron temperatures in. these regions are therefore likety to
depend on the intensity of the electrojet current, In the
130-140 km region where ‘there are probably subsidiary currents
* flowing, at least during the early morning, late aftggnoon and

the twilight hours these currents provide a substantial heat

{nput to the electron gas and determine the electron temperature

in these reglons, Also the electron temperature profile in the
1ower ionosphere can exhibit pronounced maxima due to flow of

localised current sheets,
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4. ‘The E, layer.

| 4,1 The bbser?atioﬂﬁ% Fig.37 Which represents the

probe current profile obtained during the evening twilight
- of March 12, 1967 shows layers of enhanced current in the
130-140 km region both during ascent as well as descent.

The height difference between the ascent and descent layers
‘may be due to an error in the rocket trajectory and cannot
be taken seriously, These layers of enhanced current coin-
cide with the regions of large increaée in electron.temper—
atureé observed on the same flight, as seen from fig.38,
The observed increase in probe current is by a factor of
about 4 and cannot be just-ﬁdue to the observed increase in
electron temperatures. The increases represent genuine
layers of enhanced electron density in the medium, These
layers of enhanced electron density may be what is usually

referred to as the E, layer in literature.

4,2 Discussion: Studles with the low frequency iono-

sonde at Boulder have shown that such layers are frequently
shown up en ionograms during the evening and sometimesvih»
the night time, when the frequenéy of the normal E layer
becomes small, (Watts and Brown, 1954), From the Kodaikanal
ionograms it is seen that such layers appear almost regularly
in the early morning and thé late afternoon hours, when the
quality of the record is good. On this particular day the
Kodaikanal lonosonde récorded an E, layer during the late
afternoon hours., At 16,15 hours the layer was seen with a

eritical frequency of 3.4 Mhz, At 17.45 hours when the layer
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was lasﬁ‘seen for‘tﬁe day the-critiéal.fre@uency of the
layer was 2,7 Mhz, ItAis bélievéd that'afﬁar_sunset, with
 the rapidly decaying lonisation the eritical frequency went
| balow the sensitiveness of the recorder. If the value of
thg‘proﬁe_sensitiveneSS for thislflight‘as determined on
page\Sl are used the cfitical freqﬁency of the layer
observed during flight would be 1,2 Mz for the ascent

| layer and 1,0 Mhz for the descent layer,

‘Using the lonosende obséwvaﬁions_at 16.15‘ﬁrs.‘and
17.48 Hrs 1t is poséible to obtain aﬁ_astiméte of the effect~
ive recombination cﬁefficient and use this value to study the
further decay of the layer and compare the results with the

observations. The decay of ionisation is given by
Aone gy - clne™ + div (mev)
e

(36)

Th; third term on the right hand side, which represents

variations due to movement of ionisation is generally negles

cted for first order studies, The equation then simplifies to
OKV\E _
E]éw" “—

The production rates 'q' around sunset have been estimated

e
Voone (37)

by Sagalyn and Smiddy (1967). Using these values and assuming,
és firét apﬁroximanion, that the decay rate 1is constant between
16.15 Hrs.and 17.45 Hrs, an approximate value ofci\wés deduced.
The resulting value, o - 2,sxm{gcum5k&*' is in agreement

with other estimates, Using this values of « , decay of the E,
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'1ayer afier‘l?.as Hfs; is studied, 6nce ag@iﬁ from the eq.37.
If it is aésumed that ﬁhereiis no ion prodﬁcuiqn after éunset‘
' @q,37 gives that at thé flight time, 18,57 Hrs, the electwon |
~ density in the layer would be about 6000/cc, whiéh,qorresPQnds
to a critiaal frequency of 0,7 Mhz,

In earlier investigations of the E, layer it has been
suggested that the layer may be due to absorption of solar
‘ultraviolet radiation in some particular wavelength regions
and or neutral particles from the sun (Becker and Déimenger,
1950 a, b), Onp‘soﬁa occasslions the appearance of the layer
suggested that it was formed due to the separation of loni-
sation frém the bottom of the F layer and subsequent descent
to lower heights (McNicol and Gipps, 1951; Saha and Ray, 1955).
Skinner et al (1954) and Shankaran (1964) have found that
certain types of ledges in the F; trace cannotvbe easlly

distinguished from an E, layer on the ionograms.

The present results show a new feature of the E,
layer which is likely to be important in explaining its
production and maintenance. It is the association of eﬁhanr
ced electron temperatures with enhanced electron densities.
From fig.38 it is seen that the electron temperatures within
ﬁhé Ez layer are larger than the temperatures above and below
the layer by a factor of about 2. Also the flight during the
morning twilight of 13th March 1967 once again showed electron
temperatures at 130 km (fig.40). While the corresponding
probe current profile (fig.39) does not show an E, layer it

18 interesting to note that the ionogram taken at 06,45 Hrs



at Kbdaikanal showed a,nvE2 1ayer-with\a critical ffequency, ’
of 2,2 Mhz at a virtual height of 160 km, It is possible

" that at the time of the rocket flight the layer was not yet
. formed.- There is a distinct possibility of a further
instance. of an E, layer with enhanced electron temperatures
in it, It is therefore possible that there is & class of

E, layers, seen during the early morning and the late after-
'noon‘or evening hours, at least over the equatorial regions,

which are assoclated with enhanced electron temperatures.,

4.3 A_poSSible‘egglanatioga Most experimental evidence

to date suggests that the coefficient of digsociative recom«
bination, which is the most important loss process in the
height regions under consideration, follows a pever law of
the type |
g L) Lon L -~
O(! - ‘A]Q /n. >
(38)

A is a constant

(Blondi, 1964 Whitten and Popoff, 1965), With such a temper-
ature dependence an inerease in eleeﬁrnn temperature deééeases
the coefficient of recombination., Since the equilibrium
electron densities are given by eq.37 a decrease in recom-
bination coefficient would give rise to larger electron
densities, An increase in T, by a factor of 2 can give rise
to a lyer with a 50% increase in electron density. Thus
layers of enhanced electron denslty can form due to the
decreased loss rates resulting from an enhanced electron

temperature, An E, layer once formed in such a manner can
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also be'maintained aven7after-sunset, by the enhanced electron
temperatures; The cause of the enhanced temperatures can be
flow of subsidiary‘currents at those heights as discussed in
the previous section,

i E, layers with enhanced eiactran temperatures in
them cannot be explained on the basis of the earlier suggestion
of absorption of solar radiation in specified bands, 1In the
1&6 km region the daytime ionisation is 1arge1y due to solar
ultraviclet radiation in the C III line (977 A) and the
Lyman continuum and to a small extent solar X-rays in the
wave length range 4C-70 A These radiations would not be
able to reach the heights where the layers are seen, under
the experimental conditions, Also the maximum energy input
due to phétaioniaatiun by the ¢ III line which is the most
imporﬁant of the above radiations around 140 km, is of the
order of 600 eV and is insufficient to give rlse to the
electron temperatures observed within the E, layer. During =
twilight conditions an alternaﬁe heat source 1s necessary
to glve rise to the observed temperatures. Subsidiary 8
current sheets flowiﬁg in these regions have been_suggested
in the previcus sectlon as the cause of the observed electron
temperatures .

ﬁuch_an association of enhanced ionisation'ﬁith

current sheets is inteiguing. There has'been no direct
evidence for such a phenomenon so far, As pointed earlier
Maynard and Sehill have detected such a subsidiary current

sheet at 130 km over Thumba during a flight on a similar day
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at 15.302Hrs., This 6bserVation togaﬁher with the results
of £lights 10,11 and 10,14 suggest the possibility of
"occurrence of such a phenomﬁnoﬁ in the equatorial régions
.dn quiet days, This possibility needs further verification.
Rockets éarrying magnatometeré (preferably of the rubidium
vapour tfpe, since proton precession magnetometers may be
unable to detect the small currents imvolved) and Langmuir
.probes may be sent up when the ground ionosonde is showing
an E2 reflection, Thé resulting measurements of electric
currents, electron densities and electron temperatures will
enable a more quantitdtive eétimate of the effect than has
been possible here and establish the feasibility of the above

process., . ¢
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5. _ﬁght~t1me E reg}on:v

5.1 The observationt The results of 10,12 have shown

:the ekistence of considerable amount of ifonisation in the
E region at night. Even with a wide margin for the proper-
tionality factor which is used to convert probe currents
to electron densities, from fig. 41 it is seen that the
electron den51ty in the 100¢120km region is between 5000
and 8000/cc., With the known values of effectilve recombi-
nation coeffieient the evening lonisation is expected to
die out within a few hours. The observed values are
comparable to, if not larger than, the densities present
during evening twilight. These measurements Seem to be
typlcal of night«time conditions in the E region., Direct
probing as well as ground based experiméhts (ex. Ratcliffe
and Weeks 1960, Blumle 1965; Smith 1966) have consistently
shown up the presence of such jonisation in the night time

E region,

5.2 Discussiont Night time ionisation in the E region

can be explained by taking recourse to one or more of the

following alternatives.

(1) Presence of Sources of lonisation in the night.

(2) Variation of recombination coefficlent during
the night.

(3) Movement of ionisation from the ¥ region,

Of these causes (1) and (2) have been considered
before. The third possibility by itself appears to be

inadequate to explain the observations. In order to off set




- 135 -
the effects of rapid recombination after sunset, ionisation
‘from the F region will have to move down with large velocit~
iESQ Otherwise the {onisation at 100 km would first disappear
».»uiﬁhin4a'feﬁ hours after sunset and then reappear or build
up agaih. The second sltermative can give rise to the
observed ionisation as follows. After sunset the 1onisation
will first decay with a recombination coeffiaient which is
characterisite of the normal E reglén ( 1078 m>/see), After
sometime the faster recombining ions disappear leaving behind
the more slowly recombining species ( oL eff = 10" ¢ /sec or
1ess) such as the metallie ions, These constitute the bulk
" of the night-time ionisation in the reglon. While such a
process seems possible‘certaiﬁ experimental cbservations show
contrary features, Hokmes et al (1965) have measured the
ion composition of the night-time E region and find that even
at 01,00 Hrs in the night the E region ions are mostly 0y
and NOT (These have dissociative recombination coefficients

of the order of 1078 cmalsec only),

5.3 Nigbtwtime_saurqg;ofﬁionisation} The existence of

sources of ionisation in the night-time E region has been
considered in literature for quite sometime now (Relecliffe

" and Weeks, loc cit). Nicolet (1955) has shown that the ioni-
sation seen on gome occasions in the might E reglon can be
attributed to»méteors. swider (1965) has discussed the
problem in some detall and shown that the Lyman ol and >
radiations in the geocorona and méteoric ionisation are
likely to play an important role in the maintenance of the

night-time E reglion. The existence of these radiations in
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the night sky was first discovered by Kupperian et al (1959).
More recently deMendonca (1967) has measured these radiations
and thair attenuation in the upper atmosphere in the night

. using rocket borne ultra vidlet detectors.

_An attempt was made to study the possible role
played by the Ly ol and the Ly (> radiations in the night
_time E region. Scattered fluxes of 0,01 erg/cm /[sec at
Ly o €0.3% of the day time flux)and 5% 105erg/cm sec at
Ly (0.1% of the day time flux) were assumed to be present
at th& top of the atmosPhere during the night, Attenuation
of these radiations is calculated using the atmﬁépherie
composition as given by CIRA 1965, Using a nitirc oxide
distribution given by Nicolet (1965) based on photo ionisation
equilibrium considerations above 100 kms and Barth'svvalues
below 100 kms production rates for Ly o\ were calculated at
various heights. Production rates qf 0; for Ly ﬁ>were cale-
culated by taking the oxygen concentration from CIRA 19635,
The results are shown in Fig.47. It is seen that LY¢L
important only at the base of the E region; above 100 km 02
production by Ly ﬁ; becomes predominant, However, it is
seen that these production rates can, with a reasonable
recombination coefficient (say 10“8cm3/sac) give rise to

the observed electron densities,

Holmes et al (1965) have made measurements of the
‘night time ion composition, Comparing these measursments
with day time measurements they coacluds that thelr experi-

mental results ave not in keeping with the assumptian of
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the presence of a mechanism for acuive production of ions
during the night. They propoSe a simple decay via a recombi-
.nation ccefficient which decreases with decreasing temper-
ature to explain their results. Values of diss obtained
from certain theoretical considerations and which agree with

their;exPerimental results are given in their paper.
| The dissociative recombination coefficient is
actually a complicated function of temperature, According

to Bates and Dalgarno (1962).

dds, = O o A »
) Dppt Mad FoC) T (39

where € is a const, Wap and Opant are the statlstical
welghts of the clectronic states in the neutral and the
molecular ions respectively ’f&‘ and T¢are the lifetimes
for autolonisation and stablisation processes. qolr) 18
givén by |

.5

FolT) Js nfoc?e).%u%)ae

¢ 48 the energy of transition.

Therefore it is not easy to predict from theory
the nature of variation of o A, Wikh temperature., But
all laboratory measurements of the dissoclative recombination
coefficlent of 02 and not (which are the ions of interest

here) have shown it to decrease with increasing temperature,

at least in the range 200°K to 1500°K. Whitten and Popoff (1965)
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have summarised these reSults, Biondl (loc cit) and Whitten

and Popoff have found a relation of the form
~-110-8

 vhere A.1s a constant, to be the best fit for all observations,

‘ | The conclusions of Holmes et al (loc eit) camot be
taken as final not only because of these reasons, but also
| because thelr argumenté are nbt quite conclusive. The arguments
are not without alternatives and thelr vesults daﬁ be explailned
without taking recourse to a dissociative recomblnation boeffi~
elent which increases wlth increasing temperature, Their study
deals only with the height region above 120 km in the ionos-
phere, Thé 90-120 km region, which would be the most important
region where Lyman  radiation and meteors have significant

effects, is excluded from their study.

5.4 The valley in the 120-140 km region: Another interest-

ing feature of the night time E vegion profile is the deep
valley in the 120-140 km region. The electron density falls by
a factor of 4 to 5 in the valley. It may be observed that
during the evening twilight of the Samé,day there was no indi-
cation of the development of the valley,' Such a valley, some-
times wven deeper, has been observed previously by several
workers during the late evening and night hours. L.G. Smith
(1966) and Blumle et al (1965) observe similar valleys though

not so deep, From thelr profiles it appears that the valley
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deepens thrdugh th@ night, Lalonde'(19663,‘using the back-
scatter technique observed tﬁe variations in the eiectron '
‘density profile after sunset andAthrough the night hours,
“His results show a vary‘deep valley developing early in the
avening.? Right through the nightno.ionisatien waé seen
betvieen iZO and 200 km (The lower limit of the sensitiveness
of the Arecibo system is 100 electrons/cc) Lalonde's results
probably represent an exceptional case, Wekal's analysis
(1967) of the low frequency (50 khz to 2 Mhz) night time
ionograms of Boulder‘haa also shown up the existence of a
valley above 110 km, The valley is wide and deep during
quiet nights with the clectron density in the valley falling
to as low as one tenth that at 100 kms and tends to get
filled up during disturbed nights, An intermediate layer
develops during strong disturbances around 140 kms and this
1éyer shows a 1§ﬁitudina1 variation with a maximum avound

latitude 70° and a winimum st the aquator.

From these results the présence of such a valley‘in
the E raglon at night can be taken as a common featuve, 'The
time at which the valley develops, the depth of = the valley
and its varlation through the night probably wvary froﬁ day
' to day. While the existence of such a valley is accepted
there is no explanation for the same. Obviously a simple
decay via dissdciative recombination of the ilonisation
present at sunset cannot explain the presence of such a
valley. Widely varing values of recombination coefficient,

increasing by more than an order of magnttude and recovering
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to its original Value will have to be taken recourse to in

the height region 100-150 km. With the known composition of

Ethe night time jlonosphere and the temperatures existing

_therein-it_is not possible to reconcile oneself with such

variations., Incidentally the presence of such a velly alone
is sufficient evidence against Holmes et al's suggestions of

a dissoclative recombination coefficient which increases with

:increasing temperature in the E region,

Another explanation of the valley would be the night
time presence of a sburce of ionisation which has a production
profile exhibiting a fairly sharp minimum around 120 km,
Referring to fig. 47 it is seen that the produétion profile
of scattered Lyman A at night has such features, It shows a
maximum production rate at abeut 100 knp, a minimum in the
100-120 km region where the production rates fall by a factor
of‘S to 4, with an increase in the rates aloft, With such a
production profile and an allowable margin for the variation
in the recombination coefficlents, it is possible to reproduce
an eleﬁtron density profile similar to whét is obserVedjfn .
f1g.4l, There is no reason to expect Lyman ~ to be the
only hydrogen radiation present during night time; so other

* hydrogen radiations such as_Lymanjg can be present in simlilar

proportions (no observations on Lyman > in night are avall-
able because of the difficulties in measurements) ; As Lyman/5
ionises atomic and molecular oxygen, and since oxygen 1is
relatively abundant, production of 0; by Lyman [>can be far
more important than Lyman o production of NQ+ in the height
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regioné’abcve 100 km, Even if the Lyman.ﬁQflux present
during night,(ielatiye‘go ité dayjtime.flux) is 1ess than
- the Lyman:ﬁ;flux (relative to its day time value) by an
order of magnitude, production oflog‘By Lyman/ﬂ>would be
more 1mp9rtant than the production of NO¥ by Lyman oL,
How@Veé.lproduction profile due to Lymén/b does not show
the features required for a velly in the 120-140 km
‘region,

Ptobébly the presence of a night time source of
‘ionisation together with the movement of ionisation from
aBove can glve rise to the observed profile. Presehce of
sources would give rise to the electron densities observed
in the 100 km region, while movement of ioniSation from
above would give rise to the electron densities observed
in the region above 150 km, If the vertical motions are
small (not more than a few meters/sec) there can be a
val;Ey in between, The day to day variations in the profile
could then be explained in terms of variations in these

Y

noti ong .
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CHAPTER - VII

 SUMMARY AND _ CONCLUS:IONS

A rocket 1aunch1ng station capable of launching
“two stage rockets carrying aeronomy payloads of 20 to 30 kg
to altitudes of 150 km or more, close to the geomagnetic
equator was established at Thumba (magnetie dip 6°471'S) in
1963, A.pragramme involving measurements of the neutral
as well as the charged cofiponents of the atmpsphere th:ough
payleoads carried by the rockets launched from Thumba was
undertaken by various workers interested in problems of
equatorial aeronomy, The author developed a Langmuir probe
system and used it to make measurements of electron dgnsity .
and electron temperature in thevléwer ionosphere over Thumba,
This thesis‘describes and discusses the results of these

measurements.,

The electron density and electron temperatures
measured by the Langmuir probe are only two of the many
parameters needed for a proper study of any process or. -
phenomenon in the 1on6$phere,. éuchvstudies_can at bast show
up interesting features of the ionosphére and point out possi-
~bilities of certain phenomena and process. Some cf the
' obsarVatlons presented here are single observations and in
many cases need confirmation through further measurements,

The discussions given in chapeter VI lead us to the following

conclusions, some of which are necessarily tentative.

1. Adcopting the experimental values of nitrie oxide

concentrations determined by Barth for the D region, phbto-
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ianisation of nitrie oxide by Lyman o{ radiation from the sun .

appears to‘be a more important source of ionisation in the height

- range 70~84 km, than solar X@rays, éven on a moderately disture
bed day in the year 1966, On the other hand, if the nitiic

| 6xidé concentrations in the atwosphere determined‘by the photo-
chemical considerations of Niecolet are aéapted Lyman ! contri-

bution would be important only below 78 km,

2, The equatorial electrojet currents apparently do
not depend on the local electron density of the medium,
‘suggeSting that these currvents arve signlficantly influenced

by fields which prevall over distences much larger than 100 kms

3, The experimental observations suggest the possibility
of the existence of small scale irregularities in the héight
region 100~130 km, lThese lrregularities are not likely teo be
those produced by the rocket and are likely to be character-
istic of the ambient medium. While the cause of these irregu-
1arit;es is not known, an association with the electrojet is
not rrU1ed.out. | | . s

4, Even though the Langmukr probe measurements of
electron temperatures are possibly larger than the actual
ambient values it is likely that the electron temperature in

| the lower equatorial ionosphere (below 150 kms) are everywhere
larger than the neutral gas temperatures., Joule dissipation‘ |
of electrie currents such as in the equatorial electrbjet can
be more important than solar radiation in heating the lower

ionosphere, Dissipation of the average daytime electrojet is
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| &e@n To be.ﬁuffiéieﬁt te giva_r1$e to electron temperatures
of about 1000°K at 100 km.vuﬂissipation of current can also
give rise to proncunced maximavingthe electron tempefatuxe
;’profile‘at al&itude$_9f1130«140 km shown by the rocket launche
ing during the avgninglfwilight on March 12, 1967;

5. L ~ The Ez layer apparently cccurs fairly frequently in
the equatorial regions during morning, late afternoon and
twilight hours. There is evidence for enhanced electron
ﬁemparatufes within the laver. A decrease in the effective
reeoﬁbin&tien co@fficient.&ue,ﬁp inﬂraased electron Lempers
atures can be partly responsible for the maintenance of such

E2 layers even after sunset,

6, | In the nightquimé E region, electron densities are
large (several thousands per cc) in the 100-120 km region,
while there is a valley in the electron density profile between
126 and 140 kms, The electron densities in the 1G0-120 km
reglon are likely to be due to the Lyman radiations &catteréd
by the hydrogen in the geocorona, whereas the shape of the
observed profile above abqup_lZO km is gpparently,due,to}the
combined effect of (i) the abpye,soupges,oﬁ,ionisgtion and

(11) the movement of ionised particles from above.

Conclusicen 1 is supported by some cobservations of
other workers, Conclusions 2 and 3 are in accordance with
the present understanding of the properties of the lower
, équatorial innosPhere.,,A‘detailed,stﬁdy of’the.sma11 sca1e

irregulari?iaa utilising a rocket borne plaSma noise probe



- 146 =
is planhe&g' Thié‘ﬁéuld throw;morejiight on the irregu-
larities cbnﬁid@red ih 3. chkat_flights ﬁitb composite
payloads of Langmuir prbbé and magnetometers are neededA
‘bafore conclusions 4 and 5 can be established. Such |
flights are planned In the near future. .A roéketiflight
wimh a éomposiﬁa payload of Langmuir probe and ultra-
viglet detectors Woulduestablish the validity of coneclu-

| sion 6. Such flights are also plammed in the near future.
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