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Zeitschrift für Geophysik, 1970, Band 36, Seite 393—398. Physica- Verlag, Würzburg

Am 16. Juni 1970 verstarb in Boulder, Colorado, SYDNEY CHAPMAN im Alter von 82 Jahren.
Er war Träger der Emil- Wiechert-Medaille der Deutschen Geophysikalischen Gesellschaft.
Aus Anlaß der Verleihung der Medaille am 22. September 1969 in Göttingen hielt SYDNEY
CHAPMAN im Rahmen einer gemeinsamen Feier der Akademie der Wissenschaften zu Göttin-
gen und der Deutschen Geophysikalischen Gesellschaft den nachfolgend abgedruckten Vor-
trag. Seine sehr persönlichen Bemerkungen am Beginn und am Ende des Vortrags sind weg-
gelassen worden.

Geophysics and Germany, Men and Enterprises

By S. CHAPMAN

Geophysics has many branches, and in the short time available to me I can mention
only some few of its highlights, and chiefly those relating to geomagnetism, the part I
know best. In the study of its history I owe much to the learned and distinguished
German historian of geophysics, HELLMANN. He collected and republished several
of the most important early writings on geophysics, with commentary. He told how
our rst evidence of the recognition that in general the magnetic compass does not
point truly northward comes from the mid-15th century, and consisted not in written
accounts, but in marks on geographic maps and on sundials for travelers (to tell the
time), then often provided with a compass in order to orient them properly. In the
production of such sundials and compasses Nürnberg and Augsburg were prominent
centers. GEORG HARTMANN, Vicar of St. Sebald’s, Nürnberg, was an expert in their
construction. A letter written by him in 1544 to the Duke ALBRECHT of Prussia has
been preserved, in which he mentions that in 1510 he had measured the magnetic
declination in Rome; it was 60E (whereas at Nürnberg it was 10°). This is the earliest
recorded land measurement of the compass direction. In the same letter HARTMANN
told how he had noticed a tilt of 9° to the horizontal of a pivotted compass needle
that was balanced horizontally before being magnetized. This is our rst record of
a recognition of the magnetic dip, though HARTMANN did not go further and nd
that the true dip was about 70°. It was independently discovered and measured by
NORMAN in London in 1576.

More than two centuries later, geomagnetism was among the many interests of the
great ALEXANDER VON HUMBOLDT, whose fame in his time, I have read, was second
only to that of NAPOLEON. In his extensive and adventurous scienti c travels of
1799—1803 in South America, he carried with him, besides thermometers and a baro-
meter, also magnetic instruments. Timing the swing of a dip needle, he was the rst
to show that the earth’s magnetic force is weakest near the equator. He became
ardently interested also in the transient variations of the compass direction. On his
return to Berlin in 1806/07 he sometimes invited his friends to a magnetic party to
observe with a microscope the small variations of the compass; he gave the name
magnetic storm to occasions when the changes were specially large and irregular.
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HUMBOLDT saw the interest and scienti c value of observing the magnetic changes
regularly in many places. His example was followed by his friend ARAGO in Paris,
by KÜPPFER in Russia, and others, and also in Peking, which he visited in his Asian
journey of 1829 in the service of the Russian Czar. He also helped to turn the interest
of GAUSS to geomagnetism.

GAUSS (1777—1855), who has been called the prince of mathematicians, was
director of the Göttingen Sternwarte, and a leading light of this University and its
Academy. During the decade beginning in 1832 he was intensely and most fruitfully
occupied with geomagnetism, in which his greatest achievements were threefold. He
showed how to measure the magnetic force absolutely and not merely relatively, as
in HUMBOLDT’S American measurements, which assumed the constancy of his dip
needle. This was a landmark in the history of physical measurement. Second, he
developed instruments by which eye readings could be conveniently made of the
changes not only of the compass direction, but also of the horizontal and vertical
intensity. Also, to avoid the need for the observer to be close to the magnetic needles,
while watching their small movements through a microscope, GAUSS introduced the
new invention of POGGENDORFF, the long-time editor of the Annalen der Physik:
Light from a xed lamp was re ected on to a distant scale from a small mirror xed
to the moving needle. Third, GAUSS expressed the observed measurements of the
magnetic eld at many places over the earth in terms of spherical harmonic functions,
and thus con rmed mathematically GILBERT’S inference, in 1600 A. D., that the eld
comes from within the earth.

Thus GAUSS set up in Göttingen the rst complete magnetic observatory. In this
work he had the enthusiastic gifted help of his young colleague WILHELM WEBER
(1804—1891). Their plans were closely followed in other countries, and an inter-
national Magnetic Union based on Göttingen was set up. Observatories were estab-
lished in many parts of the world, where on most days eye readings of their instru-
ments were made at the hours of Göttingen time, and oftener on selected days chosen
by GAUSS. It was one of the great eras of progress in the subject.

A few years before this period began, an unknown young apothecary of Dessau,
HEINRICH SCHWABE, started to make daily observations of the spots on the sun,
a study much neglected, though open to any European from the time of GALILEO
and SCHEINER. SCHWABE observed assiduously from 1826 onwards, and by 1844 he
suspected the existence of a variation in their number, with a period of about 10 years.
Later HUMBOLDT asked SCHWABE for his further observations, to 1850, of the number
of spots that had appeared each year, and published them in his famous book Cosmos.
This made SCHWABE’S discovery of the sunspot cycle widely known, and within about
a year the same periodicity was found in the earth‘s transient magnetic changes.
LAMONT, director of the magnetic observatory at München, was one of those who
shared in this new discovery. This was a striking event in the history of science. The
seasonal changes on the earth had long been known to depend on the geometrical
change of the inclination of the earth’s axis of rotation relative to the sun, in the
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course of the earth’s annual orbit. But the approximately parallel changes of the
sunspot cycle and the geomagnetic variations showed that the earth is affected also
by intrinsic changes on the sun’s surface. They in uence both the quiet-day changes
and the irregular magnetic disturbances. In later years BARTELS associated these two
effects with changes in the sun‘s ultraviolet radiation, absorbed high in our atmosphere,
and in its particle radiations, which were then only hypothetical. Since the present
age of space exploration began 12 years ago, their ow is regularly observed, and is
known as the solar wind.

BARTELS, trained at Göttingen under MEINARDUS after World War I served at the
Potsdam magnetic observatory under ADOLF SCHMIDT, director there from 1902 to
1929. SCHMIDT was one of the foremost and most enlightened observatory directors
of his time, and BARTELS received further valuable training from him. SCHMIDT was
a man of great scholarship and excellent intuition and understanding regarding geo-
magnetism, both to learn new truths and to reject errors widely held in his time.
Potsdam became the main German magnetic observatory, and retained this standing
during BARTELS’ directorship after SCHMIDT retired.

The magnetic observatory that GAUSS and WEBER set up here in Göttingen was put
underground, to reduce its temperature variations. Its instrumental equipment was
developed under its later directors WEBER, LEJEUNE-DIRICI-ILET and SCHERING. The
observatory took part in the 1st International Polar Year, but its activity and relative
importance declined for a time.

Around 1900 the present Institute of Geophysics was built under the guidance of
EMIL WIECHERT, the rst holder of a new chair of geophysics, to which he was ap-
pointed in 1898. He adorned this chair and brought new high distinction to Göttingen
as a centre of geophysical research until his death in 1928. I shall speak later of his
work and that of his successor G. ANGENHEISTER senior, who directed the Institute
until his death. In 1945 BARTELS became in turn the professor of Geophysics and
director of the Institute, and restored its old fame as an important centre of geo-
magnetic research and international leadership. He did not believe that a university
observatory should issue regular yearbooks of magnetic observations, but he was
deeply and daily interested in the transient changes of the earth’s magnetic eld, and
often discussed them both with his staff and students, and in print. His many papers
concerning them were cogent, illuminating and original. His best-known contributions
to geomagnetic science were his statistical studies and the new indices of magnetic
disturbance, local and planetary, that he devised and produced. He also portrayed
them graphically in striking and enlightening diagrams which he distributed each
half-month. These were and are widely distributed; they receive a warm welcome
and careful attention at many observatories, institutes and universities throughout
the world.

BARTELS had great social gifts, including a pleasant wit that was appreciated by all
who heard him; it was sometimes a valuable means of calming feelings during contro-
versies at international scienti c gathering and leading to agreed solutions. Thus he



|00000410||

396 S. CHAPMAN

played a notable part in the international science of his time. He was also a good
cooperator, often writing joint papers, and, in happy collaboration with me, our
book GEOMAGNETISM.

In these respects there was much contrast between him and his great predecessors
ADOLF SCHMIDT of Potsdam and EMIL WIECHERT of this University and Academy.
They were good and helpful to their students and assistants, but their work was done
silently, and alone. They were somewhat withdrawn from the world, rarely relaxing
to take part in social occasions. BARTELS once told me how artful students could
sometimes lighten their examination dif culties by playing upon WIECHERT‘S gentle
soul to induce him to soften the rigours of his tests of their pro ciency.

Geophysics is a many-branching subject, and each director of an Institute of
Geophysics may be expected to impress upon it, during his period of of ce, the mark
of his own special interests. WIECHERT, before he came to Göttingen, was known for
his works on electrodynamics and cathode rays. But here, soon being put in charge
of geophysics, and given the opportunity to plan the building of a new Institute,
intended for research and to supplement his wide-ranging courses of lectures, he gave
priority, in the equipment and activity of the Institute, to seismic studies and to the
measurement of atmospheric electricity. The magnetic observations were for a time
intermitted, though the house and instruments were transferred to the new site from
their old site at the Sternwarte. Under his assistant GERDIEN the Institute took an
important part in the advance of our knowledge of atmospheric electricity, but his
personal love was for seismology. At that time it was generally considered a branch
of geographical studies; he transformed it into one of the principal subjects in geo-
physics. He studied the principles of measurement of earthquake waves, and designed
the astatic pendulum, which was widely adopted over the globe. With his instruments
and his theoretical insight in interpreting the seismic observations he made the funda-
mental discovery that the earth has two main different parts, which are now called
the core and the mantle. Then he became a pioneer in the study of the outher layer
of the mantle by arti cially made waves, at rst by dropping from heights up to
l4 meters an iron ball weighting 4 tons. His pupil MINTROP developed the method
further, using explosives. The waves were recorded by portable seismographs taken
to different distances to determine the travel times and infer the paths and the nature
of the subterranean materials traversed by the waves. This work was an early stage
in the development of the enormously economically important applied science of
geophysical exploration of the earth for valuable minerals and oil. The reclusive but
far-seeing scholar in the hilly woods above Göttingen thus had a worldwide impact
on his and later generations.

He saw that his experiments and theories of the transmission of elastic waves
through the solid earth could be applied also to the atmosphere; and he used ex-
plosions to study the abnormal propagation of sound to heights of order 40 km,
where the sound waves are re ected back to the ground, beyond a zone in which the
noise of the explosion, carried by waves near the earth’s surface, is no longer heard.
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Despite his retiring habits, he was one of the founders of the Deutsche Seismologi-
sche Gesellschaft in 1922, which two years later broadened its scope and became the
Deutsche Geophysikalische Gesellschaft. WIECHERT was the president successively of
the two bodies, from 1922 to 1925; and then became the honorary president of this
Society until his death. It was a tting memorial to his leadership and vision for
geophysics in Germany and the world that his name was associated with the Medal
bestowed for the fth time here in his well-beloved Göttingen today. Despite several
offers of chairs elsewhere, he remained faithful to this lovely and historic city to the
end of his life. In the work of this Deutsche Geophysikalische Gesellschaft his in u-
ence continues to this time.

He also in uenced geophysics beyond the equator, by the support and later guidance
he gave to the proposal made by the geographer HERMANN WAGNER, with the enthu-
siastic backing of ADOLF SCHMIDT, before the Geophysikalische Kommission of the
Göttingen Academy, for the remarkable enterprise of establishing a geophysical
observatory at Apia on the south sea island of Samoa. With substantial govern-
ment nancial support the observatory was established in 1902, initially for a period
of 5 years.

Its life was renewed successively, and it continued in fruitful operation until after
World War I it was taken over by New Zealand. Its superintendents were rst WAGNER,
then 0. TETENS and F. LINKE and G. ANGENHEISTER, who worked in Samoa for some
years and then at Göttingen and Potsdam before he succeeded WIECHERT here in
Göttingen. The observations made there were many-sided and were made on the
lines followed at Göttingen, as earlier in the time of GAUSS. There were seismometers,
magnetometers, meteorological and atmospheric electric instruments among others.
Many important reports were issued on the observatory work, including a long
climatological report by TETENS and LINKE. The lunar atmospheric tide there was
studied by WAGNER and later by myself.

Another direction in which the in uence of the seismic work pioneered by WIECHERT,
appeared, was to the study of the depth of glaciers and inland ice in Greenland,
proposed by MEINARDUS, WAGNER’S successor here in Göttingen and the teacher of
BARTEIs, to the famous meteorologist ALFRED WEGENER. Before his untimely death
in Greenland, he ventured boldly outside the eld of his main work to propound the
theory of continental drift—Kontinental-Verschiebung, namely that far greater
changes had occurred on the surface of the earth than geologists had up to that time
dreamt of—though from the time of LEONARDO DA VINCI there were those who thought
that there had been rises and falls of the continents, and, as the Alps strongly suggest,
much folding and thrusting of onelayer above or under another. But WEGENER
proclaimed that Africa and America had once been united, and indeed that all the
continents had once formed one great land mass, which later broke up and drifted
apart. The theory was put forward on somewhat scanty evidence, and for many
years was ridiculed and rejected by many earth scientists. In recent years it has
gained remarkable support from widespread studies of palaeomagnetism by the
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record preserved in the magnetism of sedimentary and some igneous rocks. of the
earth‘s long magnetic history. This has led to the acceptance of WEGENER‘S ideas by
a large number of workers in the earth sciences. though there are some rm opponents
who remain unconvinced.

The contribution of Germany to aeronomy has been great and varied. Besides the
work of WIECHERT and GERDIEN in atmospheric electricity and the study of abnormal
sound propagation already mentioned, an outstanding pioneer investigation of the
ozone layer using a balloon-borne spectrograph was made by ERICH REGENER, whose
son has followed worthily in his father‘s footsteps, in New Mexico. JULIUS BARTELS
became successor as head of REGENER‘S Institute which is now part of the Max-
Planck-lnstitute at Lindau.

Finally I must mention the great contribution by Germany to oceanography through
its Atlantic Research expedition of the Deutsche Marine vessel METEOR during
the years 1925—27. It was a worthy successor to the CHALLENGER expedition.
Planned by ALFRED MERZ, who began but was not spared to complete its work, this
enterprise enriched oceanographic knowledge by a long series of volumes reporting
on the many aspects of its work. lt was a nautical research expedition of which this
country can be justly proud.
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Investigation of the Auroral Electrojet

By H. HEINRICH, D. REIMER and H. SIEMANN, Braunschweigl)

Eingegangen am 25. März 1970

Smnmary: The program PEJ l, supported by the German Government, was planned in 1967
to investigate the Auroral Electrojet (AEJ). Three rockets of the Black Brant III-type with
magnetometers for measuring the eld components, an impedance-probe and a retarded-
potential analyzer on board were launched in late 1968 from ESRANGE in Kiruna, Sweden.

A position- nding system, based on magnetometer measurements was used to calculate
the position of the ionospheric current-system and to control the count-down.

The gross structure of the AEJ was resolved by comparing the available data from ground-
based magnetometers with the height-pro les of the total intensity.

Above an altitude of 130 km a sudden change in the phase shift of the transverse magnetic
eld has been measured. This can be interpreted as being due to a magnetospheric current

system that is closed in the ionosphere. From the height pro les of the electron density the
conductivities were computed. The electric elds as derived from the combined results of
these data and from the magnetometer measurements are comparable to results obtained by
barium-cloud experiments.

Zusammenfassung: [m November und Dezember 1968 wurden auf dem Gelände der ESRO
(European Space Research Organisation) in Kiruna, Schweden, drei Raketen vom Typ Black
Brant Ill (Programm PEJ l) gestarted mit dem Ziel, den mit magnetischen Baystörungen am
Erdboden verbundenen stark gebündelten Teil (Polarer Elektrojet) des ionosphärischen Strom-
Systems zu erforschen.

Die Raketen waren mit Magnetometern zur Messung der Komponenten des Erdfeldes, mit
einer lmpedanzsonde zur Erfassung der lokalen Elektronendichte und einem Bremsfeld-
analysator zur Ermittlung der Elektronentemperatur und der Geschwindigkeiten geladener
Teilchen ausgerüstet worden.

Zur Bestimmung der Position des Strom-Systems ist ein auf Magnetometerregistrierungen
basierendes automatisches Ortungssystem benutzt und zur Kontrolle des count-down ein-
gesetzt worden.

Die großräumige Struktur des Polaren Elektrojet (PEJ) konnte durch Vergleiche von
Magnetometerregistrierungen am Boden mit den Höhenpro len der Total-Intensität abge-
leitet werden.

Oberhalb l30 km wurde eine starke Änderung der Phasenverschiebung des transversalen
Magnetfeldes beobachtet. Diese Änderung kann als Effekt eines magnetosphärischen Strom-
systems, welches durch die Pedersen—Ströme in der Ionosphäre geschlossen wird, gedeutet
werden. Aus den Elektronendichte-Pro len sind die Leitfähigkeiten berechnet worden. Die
kombinierten Ergebnisse von Magnetometern und Impedanzsonde liefern für die elektrischen
Felder Werte, die mit den Ergebnissen von Barium—Wolken-Experimenten vergleichbar sind.

1) Dr. H. HEINRICH: lnstitut für Geophysik und Meteorologie Techn. Universität Braun-
schweig. — Dr. D. REIMER and Dr. H. SIEMANN: Institut für Geophysik und Meteorologie
Techn. Universität Braunschweig; Present address: Dornier System, Friedrichshafen.
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l . General Introduction

Geomagnetic bay disturbances seem to be closely correlated with auroral displays
[AKASOFU 1968], the most exciting physical phenomena in the auroral zone. although
magnetic bays have been observed with no visible auroras occuring. This means that
the ionospheric currents which are responsible for the observed magnetic disturbances
need not be con ned to auroral displays, and there is some evidence for the north-
south extension of these ionospheric currents to be several 100 km.

Until now only a few direct measurements habe been performed to study such
current-systems while most of the investigations concerning ionospheric current-
systems are based on ground-based magnetometer data [AKASOFU et al. 1969].

Our aim was to investigate the most intense part of the current-system near local
midnight which we call Auroral Electrojet (AEJ), to nd out its structure and to get
an idea of what may be the driving force of that current-system.

Ionospheric electric elds appear to be the dominant driving forces, so a good deal
of rocket experiments have been performed to measure the ionospheric electric elds
in the polar region [HAERENDEL and LÜST 1968; POTTER and CAHILL 1969; WESCOTT.
STOLARIK and HEPPNER 1969].

In addition, there exist a few model-calculations of the AEJ [BOSTRÖM 1964;
BONNEVIER, BOSTRÖM and ROSTOKER 1969] in which ionospheri electric elds are
employed. These calculations are the theoretical background of our work, there-
fore a short review is being given here.

1.1 The models ofthe AEJ

Let us assume the driving force of the AEJ to be an electric eld which originates
in the magnetosphere.

Due to the high parallel conductivity in the magnetosphere the magnetic eld lines
are equipotentials. Thus, any magnetospheric electric eld will be mapped down into
the ionosphere along the eld lines if we disregard e 'ects possibly caused by an
ionospheric dynamo. We shall discuss two con gurations and ask for important differ-
ences which may be detected by the instruments on board of a rocket.

To compute the height pro les of the Hall- and Pedersen-conductivities [FEJER 1965]
one has to know the height variations of the electron density and collision frequencies
of the particles involved in this process [DALGARNO 1961, NICOLET 1953].

Although the measured pro les of the electron density [KIST and SPENNER 1970]
may considerably differ from this function it does not affect appreciably the shape
of the height pro les of the conductivities under consideration.

In our considerations we shall employ height-integrated terms on account of the
fact that the electric eld is nearly height-independent [see BOSTRÖM 1964].
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Con guration I

Figure l shows a schematic representation of this model. We introduce a coordinate-
system x, y, z x-axis pointing north, y—axis east, and z-axis positive towards the
earth’s centre) in which the current flows from east to west over a length of several
hundred km, at least. Its north-south extension is taken to be 10 km, its vertical
extension depends on the conductivities. The primary electric eld E is homogeneous
in the region of the AEJ and no currents will ow to and from the magnetosphere.
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Fig. l: Schematic representation of currents and magnetic elds for con guration I [Santa
und Kanrz 1967].

The Hall current of the eld E will charge the boundaries of the current layer, and
Rive rise to a polarization- eld Ep, the Hall current of which is responsible for the
large enhancement of I", thus producing an electrojet (I, is the y—component of the
heiShh-integrated current density).

The most interesting aspect of this con guration is the generation of an ionospheric
POIoidal current-system surrounding the electrojet. This poloidal system is the source
ofa horizontal magnetic eld which is directed to the East and con ned to an altitude-
mac between about 100 km and 160 km.
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Con guration II -

The primary electric eld E is now directed north-south and con ned to the current-
layer while currents may ow to and from the magnetosphere.

In this model the electrojet is simply the Hall current of the eld E. On the other
hand the Pedersen-current of this electric eld is part of a magnetospheric poloidal
current system that produces a horizontal magnetic eld which is directed to the west
and might be detectable up to great heights. Figure 2 shows a schematic representation
for the second con guration.
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Fig. 2: Schematic representation of currents and magnetic elds for con guration [1 [Serum
und Kenrz 1967].

The remarkable difference between the two con gurations concerning the horizontal
elds produced by the poloidal current systems establishes an e ective mm: to dis—

tinguish between the two models on the base of rocket magnetometer measurements.
We therefore decided to launch three rockets (the description of the experiments are
given in sections 3 and 4, see also [Km and SPENNER 1970] to yield some information
about the gross structure of the jet, the driving forces, and, with a few reasonable
assumptions, the magnitude of the ionospheric electric elds.
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The results of ground based measurements are presented in section 2. The results
from the rocket magnetometers are given in section 3 and 4, and the close connection
of the results in section 2 and 3 should be mentioned. The ight performance of the
rockets and magnetograms are given in the appendix.

2. The Position-Finding System for the AEJ

2. l Introduction

The magnetic elds of the poloidal current systems of con gurations l and Il were
to be measured to get the desired informations about the driving mechanism of the
AEJ. Thus the AEJ itself,—for the moment we consider the AEJ to be a line current—,
must be located within the rocket trajectory. This requires an accurate position-
nding system (PFS) for the AEJ.
The main features of our system (PFS), which is based on magnetometer measure-

ments, will be briefly discussed in this section.

2.1.1 Model current systems

For simplicity we assume that the measured magnetic disturbances at the earth’s
surface represent the eld of a single line current in the ionosphere.

Then we nd

yH=—wh (ZU
Z 2 vertical component of the earth’s eld
H 2 horizontal component of the earth’s eld
X 2 north component of the earth’s eld
Y 2 east component of the earth’s eld
d 2 distance between obscrvation point and the current
h 2 height of the current

The cartesian coordinate system we use throughout this paper gives heights above
ground level as negative values. The direction x + 90° of the auroral electrojet will
be calculated from

tg a = Y/X (2—2)

(«n being rotated in a clockwise sense).

On account of the xed trajectory for a given type of rockets at ESRANGE,
Kiruna, the rocket reaches the altitude of 100 km a well known time after take off.
Thus if we know the position and velocity of the AEJ at any time, we are able to
determine the exact launch time to meet the conditions mentioned in chapter 2.1.



|00000418||

404 H. HEINRICH, D. REIMER and H. SIEMANN

Provided the AEJ is a single line current in the E-region. we only need one magneto-
meter station to yield the required information about d, x, and the current strength I
of the system.

In reality there are several complicating factors:

a) The AEJ is not a line current. Ground-based magnetometers on a north-south-
pro le often measure almost identical horizontal disturbances over several degrees
of latitude.

b) One has to account for the induction effect of the well-conducting earth.

c) Pulsations and effects with time scales of e.g. one day are unwanted pertubations.

To take these pertubations into consideration the PFS should consist of more than
one station, because more than three parameters may be determined to calculate d.
oc and I.

We decided to use two stations. Thus a model of the AEJ may contain six para-
meters for a unique solution.

2.1.2 The model for the AEJ

KERTZ [1954] has shown that the eld of a line current IL at height 11L equals the
eld of a plane current at height h exactly if the current distribution is

_ _IL_ h‘—hL

MUG—7r— (x—xo)2+(h—h‚52'

The half-width of this distribution is 2 b = 2 (h ~— hL) and the total current is

(3-3)

+ 00

j i„(x)dx=I‚_.
" 0C

To account for point a) in chapter 2.1.1 we assume that the AEJ has the distribution
given in (2—3), and we may use the equivalent line current IL for the calculation of
d, a and I.

To account for points b) and c) we use the differences of corresponding components
of two stations and allow for a homogeneous eld (H0, Yo, Z0 are the eld-components)
in all components. The advantage of this method is that the homogeneous eld con-
tains all the elds the sources of which are at great distances as compared to the dis-
tance of the ground stations. Daily variations and ring current effects are eliminated
as well as the in uence of deep-seated induced currents. For detailed information see
REIMER [1969].

2.2 The position- nding system

For fast accurate calculations a small computer was used. The setup of the whole
system is speci ed in the block-diagram of gure 3.
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Fig. 3: Block diagram for the position— nding system with two identical magnetometer
stations.

As magnetometers we used two sets of three—component uxgates with a range of
:i: 2000 y and an electrical suppression of the normal elds. The block containing the
three sensors was oriented such that one component was perpendicular to the horizon-
tal magnetic eld during quiet periods. The sensors and the boxes containing the
electronics were buried about 50 cm below the earth’s surface to eliminate drifts pos-
sibly caused by variations of temperature. A calibration could be done in situ by
applying a dc-current to the feed-back coil of the magnetometers. For more infor-
mation see MÜLLER [1970].

2.3 Results from ground-based measurements

2.3.1 Height integrated current densities

During the campaign recordings of the magnetic eld have been taken at the ve
stations Kiruna. Abisko, Tromso, Esrange and Kilpisjarvi (120 km north of BS-
RANGE), the 'last two being used in the position- nding system. The recordings of
the last two stations are shown in the appendix for the times of the three rocket ights.
These magnetograms were employed in a detailed study in which the height-integrated
current densities were determined on the basis of more sophisticated models for the
AEJ. The most complex model allowed for two independent equivalent line currents
and their inducedcurrents. Thus up to nine parameters had to be evaluated. This was
done using a least-squares— t and an iterative method. The results for rockets l and 2
are shown in gures 4 and 5 for the launchings on Nov. 19., 2h 38m 30s, and on
Dec. 4., 23h 26m 305. It must be pointed out again that the current density functions
Shown are derived solely from ground-based measurements. This means that varia-
tions on scales less than about 100 km could not be detected. Signi cant features are
the great half-width of the current-distributions of the order of 500 km and perhaps
th anvmmetru
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Fig. 6: Height-integrated current densities for ight of rocket 3 (3. 12. 1968).
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The arrows show the results of the position- nding of the AEJ.

To check the validity of the deduced current distributions, more calculations have
been done. Good agreement with the rocket measurements of the total intensity of
the magnetic eld was found.

2.3.2 Result from the PFS

Small arrows in gures 4 and 5 indicate the position of the equivalent line current
as determined from the records of only two stations. The arrows point to small
maxima of the current distribution which are superimposed on the very wide general
distribution. This performance was expected as the model allowed for a single equi-
valent line current and a homogeneous eld.

The limits of the model are shown during the ight of rocket 3 launched on Dec. 3.,
22h 59m OOs. The investigations based on all the accessible ground-level measure-
ments yield a current distribution with two strong and narrow peaks ( gure 6). The
rocket passed through the current-carrying layers halfway between the two maxima.
The position- nding system———forced to interpret the measurements as belonging to
one equivalent line current—sometimes pointed to one maximum, and sometimes to
the other one.

So we may conclude that the system actually used, and the model with a homo-
geneous eld and one equivalent line current did work and did give reliable results
as long as the overall distribution of heightintegrated

current
density could be ap-

proximated by the function given in (2-3).
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To allow for more complicated structures a model containing two equivalent line
currents and perhaps their induced currents should be used. This model requires
ground-based measurements from at least three stations.

3. The Results of the Proton-Magnetometer Measurements

3. 1 Introduction

3.1.1 The rocket-instrument

In the proton-magnetometer the well known effect of nuclear energy-level splitting
by a magnetic eld is used to derive the total strength of the earth’s magnetic eld by
simply measuring the Larmor frequency.

It was calculated that for the maximum weight and resistance allowed a magneto-
meter probe of width 5 cm and length 10 cm yields optimum signal strength of the
voltage induced in the receiver coil. A sensor of these dimensions, lled with butyl-
alcohole which has a relaxation-time of 0.95, and a coil with 2300 windings were
used. This combination yielded an ac-signal of 10 qp across the matched input of
the ampli er.

The ampli er was composed of high-reliability operational elements and a relais-
switching circuit with electronic control during the various switching steps. The
ampli ed signal was fed into the IRIG-Standard telemetry and recorded at the sur-
face together with a 200 kHz—reference ground station signal.

3.1.2 Data processing

To obtain the total intensity of the earth’s eld the frequency of a decaying sine
wave has to be measured with a high degree of accuracy.

To eliminate the noise from the record the data had to be digitized rst and then
subjected to a (digital) high-pass lter, because no appropriate analog device was
available.

Subsequently, the “hyper-rapid Fourier transform" was used to compute the
spectrum of each signal. The frequency at the spectral peak—which is the relevant
information—was found by applying some interpolation formula.

Careful tests with exactly known sets of simulated data were performed to check
the whole procedure. It turned out to be accurate within :i: 10 y. On account of the
perturbation elds of the payload and the rocket itself several reductions were made.
Thus, the absolute accuracy of the measured data depends solely on the accuracy to
which the perturbation elds are known—which is $50 y—whereas the relative
accuracy equals that of the data-processing procedure.

The effect of the rocket spin on the Larmor-frequency was eliminated. For further
information see HEINRICH [1969].
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3.2 Measurements and Interpretation

3.2.1 Height—Pro les of AF

AF is the difference between the measured total intensity and the corresponding
value calculated from a spherical harmonics expansion (Program FIELD and set
12/66 of coef cients) of the earth’s magnetic elds.

The next three gures, 7, 8 and 9 show plots of AF versus altitude for the three
rocket ights.

To interpret these results we shall rst look at the possible current-distribution as
given in section 2 and derive a three-dimensional current-distribution on the base of
these data which is in agreement with the electron-density results [KIST et al., 1970].
Finally we shall compute the magnetic eld of this current-system, and, by selecting
the component in the direction of the earth’s eld, we will try to t the measurements.

3.2.2 The magnetic eld of a three dimensional current-system

As pointed out in section 2, we can easily calculate the eld-components of a line
current. This magnetic eld may be produced as well by some equivalent current-
distribution at a certain height.

For further calculations we assume the maximum current-density (concerning the
height variations) to be at the 110 km level, where the maximum electron-density was
measured.

The height variation of the current density corresponds to that of the conductivities.
We therefore introduce a Chapman-function, CF(h), to describe the height variations
of the current-density.

Using the notation of section 2 we may write

' I b . -1(h‚x)=fm CF(h) (3 2)

(with j being the current-density within the electrojet system). After an integration

we obtain IL, the strength of the equivalent line current.
The magnetic eld of this model electrojet had to be computed numerically.

3.2.3 Interpretation of the results

Rocket 1

From the appropriate height-integrated current densities that were given in section 2
(cf. g. 4) we calculated the magnetic eld along the rocket trajectory, and compared
the result with the proton-magnetometer data. A better agreement was achieved after
the original distribution had been modi ed slightly. These changes (of amplitude,
position and half-widths of the peaks) were well within the limits of resolution given
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A comparison of this result with the AF—curve in gure 7 clearly demonstrates the
really good agreement of the measurements and the calculations.

Among the variety of distributions that can be derived from ground-based data, the
distribution we chose for gure 10 describes very well the distribution at those times.
Yet, we de not claim to have given the exact values of amplitude, position and half-
width, since some other combination of twomore even more—current-systems might
yield similar results. However, the shape of the combined system may not be altered
much from that given in g. 10 in order to t the AF curve as good as in this case.

Rocket 2

When we applied the trial-and-error method described above to the data for
rocket 2 we found that the current distribution as given in g. 5 had to be altered
more distinctly than in the rst case:

The half-width of the northern current band had to be reduced to about one half
0f the value deduced from ground-based measurements (see also KIST and SFENNER
[1970]).

Figure 11 shows the result. Apart from the rapid changes in the measured curve
above 130 km—which we believe are due to rapid motions of the southern current-
SJ’stem on a small scale—the calculated curve again shows the same features as the
measured curve in gure 8, so the same conclusion as for rocket 1 holds.
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Rocket 3

Because of the telemetry breakdown no data were available for the descent part of
the trajectory. On account of the various possibilities to t the AF curve given in
g. 9 no model calculations have been performed in this case.
According to the ground-based results, the rocket passed the current-system in be-

tween two strong bands (cf. g. 6). The position and amplitudes of the peaks are
somewhat uncertain, because the small values recorded on the ground had to be
interpreted as being differences of large contributions of either current band. No
wonder then, that the ground-based data do not show all details that can be deduced
from the rocket magnetometer data. For instance, an analysis of g. 9 displays an
asymmetry of the current concentration that is not shown in g. 6. It is easily vis-
ualized that the eld produced by a current—distribution, which is centered ap-
proximately 40 km south of the launch-site and which looks like a line current (10 km
south of launch-site), nicely ts the data. The southern current appears to have been
stronger as well as lying closer to the rocket trajectory than the northern current band.

4. The Results of the Search-Coil Magnetometer Measurements

4.1 Introduction

4.1.1 Description of the Instrument

The sensor of the search-coil magnetometer was a at coil with a diameter of 12 cm
which had 13000 windings and was mounted in such a way that its axis was per-
pendicular to the spin axis of the rocket. Because of the rocket’s rotation in the geo-
magnetic eld an alternating voltage was induced in the coil. Its amplitude and
phase yielded the projection of the magnetic eld vector into a plane normal to the
spin axis. The signal was ampli ed and fed to an analog-to-digital converter.

4.1.2 Calibration of the Magnetometer

Although metal parts were avoided in the vicinity of the search-coil a distortion of
the measurements (especially concerning the phase) by eddy currents had to be ex-
peCted. Therefore the magnetic frequency response of the magnetometer was de-
termined with the instrument mounted in the payload. Braunbek-Coils were used to
generate homogeneous alternating elds, and digital data processing techniques were
employed [SCHNEBEL 1970].

4.1.3 Data Processing

First the PCM-signal delivered by the analog-to-digital converter had to be de-
coded. Then with the aid of a digital computer, the amplitude and phase of the quasi-
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sinusoidal signal were determined as functions of time. These time functions were
corrected by taking into account frequency response obtained during the dynamic
calibration of the built-in magnetometer.

4.1.4 Separation of the disturbance caused by the AEJ from the undisturbed eld

Unfortunately, at the time the payload had been constructed there was no device
available which allowed the rocket’s attitude to be determined with respect to some
coordinate systems xed to the earth. Thus the permanent part of the geomagnetic
eld could be eliminated only by assuming that neither the attitude nor the spin rate

changed during ight. Because of the aerodynamics of the rocket this is probably
only true for altitudes higher than 100 km. Therefore only data from measurements
taken above this level have been processed.

Due to the nearly vertical attitude of the rocket axis the amplitude of the signal is
about the absolute value of the horizontal eld component. The undisturbed hori-
zontal eld component measured along the rocket trajectory as a function of time
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Fig. 12: The dotted curve represents the measured phase shift of the transverse magnetic
eld versus ight time, the solid line is obtained after correction for nutation effects.
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would be a parabola because the altitude of the rocket as a function of time has this
shape and the apogee is very small compared to the earth’s radius. Therefore the
permanent part of the measured eld component is assumed to be a parabola found
by a least-squares polynomial approximation, and the effect of the AEJ is given by
the deviation from this curve.

By analogy the effect of the AEJ on the signal’s phase is the deviation from a
straight line, also obtained from a least-squares approximation.

Now the amplitude deviation as well as the deviation in phase still contain an ap-
proximately sinusoidal part which is caused by the coning motion of the rocket. This
distortion was removed by approximating the time function by a polynomial of the
10th degree. The effect of this procedure on the phase shift is shown in g. 12.

4.2 Measurement and Interpretation

4.2.1 Horizontal Intensity

The pertubation of the horizontal intensity, caused by the AEJ, as measured with
the search-coil magnetometer agrees with the results from the measurements of the
total eld intensity. As these measurements have been discussed in detail in chapter 3.2,
a discussion of the measured horizontal intensity is being omitted here.

4.2.2 Direction of the Horizontal Component

As outlined in section l, BOSTRÔM [1964] developed several models to explain the
phenomenon of the AEJ, the two most important of which were shown in g. 1 and 2.
Both models include a poloidal current system, which generates a horizontal magnetic
eld that cannot be detected on ground but can be measured with rocket magneto-

meters.

Con guration 1

Contains a poloidal current system which causes a horizontal magnetic eld of
some 1000 y pointing east between 100 km and 160 km altitude.

Con guration ll

Contains a poloidal current system which causes a horizontal magnetic eld of
some 1000 y pointing west above 130 km altitude.

When the horizontal intensity of the undisturbed eld (pointing to the north) is
10000 y, an additional eld of 1000 y shifts the eld direction about i 5 degrees.
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This means:

If the measurements of the search-coil magnetometer show a phase shift of some
5 degrees in the range between 100 km and 160 km one should accept con guration I.
If the measurements of the search-coil magnetometer show above about 130 km a
phase shift of some 5 degrees one should accept con guration 11.

Figure 13 and gure 14 show the phase shifts observed during ight l and ight 2,
respectively, as a function of altitude.

Unfortunately ascent und descent do not show nearly the same values as one
would expect. This means that the spin rate of the rocket was not suf ciently constant
as had been presumed for the method of data processing described above.

But when we look at the ascents, in which one can trust more than in the descents
because of the aerodynamics of the rockets, we observe a sudden change in the phase
shift above 130 km.

5. Conclusions

As had been expected it was possible to determine the center of the horizontal
distribution of a current system with the position- nding system.

In connection with data from several observatories the measurements yielded a
broad horizontal distribution in all three cases. For ights l and 2 an asymmetric
distribution was found. For ight 3 the shape of the distribution was determined by
two large maxima separated by at least 200 km.

The structure of the AEJ was determined by the proton-magnetometer data with a
resolution much higher than any one that could have been obtained from the ground-
based measurements.

In addition, the altitude of the AEJ could be determined by the proton-magneto-
meter data. The measurements supported the assumption of the position- nding
procedure that the altitude of the AEJ ranges between 100 and 120 km.

The results of the search-coil suggest that Boström’s con guration II (cf. sect. l)
might describe the AEJ mechanism quite well on account of the measured sudden
Change in the phase shift above an altitude of 130 km.

The combined results from magnetometer and electron-density measurements
Yielded electric elds in the ionosphere comparable to those obtained from ion-cloud
CXperiments.

The spin frequency and the attitude of the rockets were not su iciently constant
between 80 km and 130 km (due to unknown effects, perhaps aerodynamics) as had
been presumed for the method of data processing described in sec. 4. Thus a very
precise attitude measurement system and an accurate determination of the spin
frequency together with the component-magnetometers are necessary equipment for
further investigations of the AEJ. In addition, the apogee of the rocket should be
above a height of 250 km.
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To get a precise picture of the ionospheric conditions during a magnetic bay-
disturbance one must include simultaneous measurements of the ionospheric electric
elds. The results of these combined measurements would yield the desired informa-

tion about the unknown source mechanisms involved.
Although one might be afraid of the technical complexity of a project like this, we

suppose‘ that further investigations of the AEJ are urgent and we hope that our
results will have a stimulating effect.
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Appendix

A. Flight performance of the rockets.

Day launch-time apogee remarks

Rocket 1 l9. 11. 68 02h 38m 30s LT 169 km

Rocket 2 4. 12. 68 23h 26m 30s LT 167 km

Rocket 3 3. 12. 68 22h 59m OOs LT 168 km telemetry breakdown near
apogee
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Plasmamessungen im Polarlicht-Elektrojet
und daraus erschlossene elektrische Felderl)

Electric Fields Derived from Plasma Measurements
in the Polar Electrojet

Von R. KIST und K. SPENNER, Freiburgz)

Eingegangen am 17. Februar 1970

Zusammenfassung: Bei Aufstiegen mit Black Brant-Raketen in ESRANGE zur Untersuchung
des Polarlicht-Elektrojets wurde die Impedanzsonde zur Messung der lokalen Elektronen-
dichte eingesetzt. Die erhaltenen Elektronendichtepro le werden diskutiert. Aus den Meß-
ergebnissen werden Pro le der elektrischen Leitfähigkeiten berechnet. Besonderer Wert wird
auf die Frage gelegt, welche Pro le der Elektronen- und Ionenstoßfrequenzen dabei zu be-
nutzen sind. Die erhaltenen Leitfähigkeiten werden verwendet, um die elektrischen Feld-
stärken im Polarlicht-Elektrojet (AEJ) zu berechnen. Dabei werden die Stromdichtewerte
eingesetzt, die sich aus parallellaufenden magnetischen Messungen des Geophysikalischen
Instituts der TU Braunschweig ergaben. Die erhaltenen Feldstärken stimmen mit den aus der
Ionentriftmessung gewonnenen Werten sowie mit den Feldstärken überein, die aus Barium-
wolkenexperimenten erschlossen wurden.

Bei denselben Raketenaufstiegen wurde die Elektronentemperatur mit einem Gegenspan—
nungsanalysator im Polarlicht-Elektrojet gemessen. Innerhalb des Stromsystems zeigt sich
eine kräftige Temperaturemiedrigung. Die Ionenstromverteilung um die spinnende Rakete
wurde untersucht. Die gemessene Strommodulation erlaubt es, die Ionenanströmrichtung und
die Ionentriftgeschwindigkeit zu ermitteln. Aus dieser Triftgeschwindigkeit und aus den Leit-
fähigkeitswerten wurde das höhenabhängige elektrische Feld und das entsprechende Strom-
pro l berechnet. Die Resultate werden mit den davon unabhängigen Magnetometermessungen
und den theoretischen Modellvorstellungen zum AEJ verglichen.

Summary: With a variable frequency impedance probe electron density pro les have been
measured on board of three Black Brant rockets, red at ESRANGE/Kiruna. The pro le
obtained during ascent for rocket 1 can be represented quite well by a CHAPMAN-ELIAS—func-
tion, with an “effective scale height” of 15 km, and height of maximum 115 km. At the two
other occasions, considerable deviations from this particular pro le have been stated. They
could be due to a more complex ionization function as is particularly indicated in case of
rocket 3 by the magnetometer measurements after which the rocket moved towards a second

1) Die Messungen wurden im Rahmen eines Gemeinschaftsprojekts mit dem Institut für
Geophysik und Meteorologie der TU Braunschweig durchgeführt. Vgl. den Beitrag von
H. HEINRICH, D. REIMER und H. SIEMANN: “Investigation of the Auroal Electrojet” in
diesem Heft.

2) Arbeitsgruppe für physikalische Weltraumforschung, 78 Freiburg, Werderring 15. ——
Teil l dieses Aufsatzes wurde von R. KIST, Teil 2 von K. SPENNER verfaßt.
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current density peak. In fact, as the rockets were intended to be red into an Auroral Electro-
jet (AEJ) the position of which has been determined from ground observations, the proba-
bility is very high that the ionization pro le as function of latitude was rather variable.

Conductivity pro les have been computed using the measured electron densities and col-
lision frequency pro les which had to be chosen carefully. After height integration of the
calculated conductivities they were brought together with height integrated current densities
determined by magnetometer measurements, so that an electric eld could be computed. It
has been assumed that this eld, in the height range concerned, is independent on height.

Electric elds determined in this way agree well with results obtained independently from
the retarding potential analyzer for the height of the AEJ. In detail, our data obtained in
the vicinity of an AEJ give a prevailing NS-component. A typical value for the NS-compoment
is 12 mV/m for rockets l and 2 hitting the AEJ. We conclude that in an AEJ the electric
eld is considerably increased. In fact, for rocket 3 which did not hit directly an AEJ but

went into a region between two current density peaks the NS-component was only 5 mV/m.
Thus, at ionospheric heights, electron density in situ pro le observations, together with

data on collision frequencies and magnetic eld observations reasonably allow the electric
eld to be deduced.

With the planar retarding potential analyzer (RPA) electron and ion velocity distributions
have been measured in all three rockets. Except for energies above 7 kTe for which an in-
creased population was found the data agree with a maxwellian distribution so that the
electron temperature T could be derived. The temperatures show their average increase
between 100 and 170 km of height, and a minimum where the rocket was hitting the AEJ.
The vertical gradient of T is always increased in cases where the AEJ was well developed

Firstly with a RPA the ion drift velocity in the xy-plane could be determined from the
wake effect upon the ion current as found by the ion current modulation which was equal in
period with the rocket spin. A relevant simpli ed theory is given. The velocities so obtained
contain the relevant rocket motion components and t well with these, so that the horizontal
ion drift can be isolated.

Supposing the ion motion to be due to the effect of an electric eld (i.e. neglecting neutral
wind drag effects) this eld could be calculated and the total current be derived, using local
electron density values measured by the impedance probe. Agreement with magnetic obser-
vations is quite good, except for one case where the small discepancy could be explained by
assuming a neutral wind drag effect of about 60 m seC'l. The electric eld pro le and the
current pro le of one rocket measurement is in good agreement with theoretical models of
the AEJ given by BOSTRÖM.

l . Elektronendichte, elektrische Leitfähigkeit und elektrische Feldstärke

l .1 Das Raketengerät

Die Impedanzsonde mit Frequenzdurchlauf wurde auf allen drei Nutzlasten zur
Messung des Pro ls der lokalen Elektronendichte eingesetzt. Obwohl dieses Gerät und
seine Auswertetheorie bereits anderweitig beschrieben wurde [JACOBS und RAWER
1965, 1966; KIST 1969], soll seine Funktionsweise hier kurz angegeben werden. Eine

.HF-Spannung, die im Frequenzbereich von 1,4 bis 10 MHz durchfahren wird, liegt
an einer zylindrischen Antenne an, die an der Spitze der Rakete isoliert montiert ist
und gegen die Raketenhaut einen Kondensator bildet. Im ionosphärischen Plasma,
bei vernachlässigbarer Stoßzahl, weist dieser Kondensator eine Impedanz auf, die,
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ähnlich wie bei einem Resonanzkreis, bei einer bestimmten Frequenz von kapazitiven
zu induktiven Werten umschlägt. Diese Frequenz ist im Idealfall die „obere Hybrid-
frequenz“.

2 2
n=(fN +fB)%

(fjv = Plasmafrequenz; f3 = Gyrofrequenz).

Für f <n ist die Impedanz der idealen Plasma-Antenne induktiv, für f n
kapazitiv.

Die mit der Impedanzsonde gemessene Resonanzfrequenz liegt jedoch etwas unter-
halb von n‚ da parallel zum Plasmakondensator noch eine de nierte Kapazität
liegt, die im wesentlichen durch das Verbindungskabel zwischen Elektronikbox und
Antenne bestimmt ist.

Die Amplitudendifferenz der HF-Spannungen, die an der Antenne und einem Ver-
gleichsnetzwerk erscheinen, wird verstärkt und, abhängig von der Frequenz, tele—
metriert. Die Zeit, in der das Gerät einen Frequenzdurchlauf ausführt, beträgt etwa
eine halbe Sekunde, so daß die mittlere räumliche Auflösung bei etwa 500 m liegt.
Die Meßunsicherheit für die Elektronendichte liegt bei Höhen oberhalb etwa 90 km
unter 7 %. Unterhalb 90 km sind größere Fehler möglich, da bei den dort niedrigen
Elektronendichten der Ein uß der Ionenschicht auf die Lage der Resonanzfrequenz
stärker ausgeprägt ist. Überdies wird in Gebieten, in denen die Plasmafrequenz in
die Nähe der Gyrofrequenz kommt, unsere vereinfachte Auswertetheorie weniger
zuverlässig.

1.2 Experimentelle Ergebnisse

Die erhaltenen Resonanzfrequenzen wurden in Plasmafrequenzen und die zugehören-
den Elektronendichtepro le umgerechnet, die in Abb. 1 dargestellt sind. Für die
folgende Diskussion der Ergebnisse ist es von Bedeutung, daß ein Elektronendichte-
pro l stets eine Folge von Meßwerten darstellt, die in Raum und Zeit verteilt sind
(längs der Raketenbahn).

Rakete l (19. 11. 68)

Das Aufstiegspro l kann recht gut mit Hilfe der CHAPMAN-ELIAs-Fuktion

N(h)=N0exp{%(l—z—e"z)} (1.1)

beschrieben werden, wobei Z = (h — ho)/H; ho = 115 km; H = 15 km und No =

3,5 ° 1011m"3 ist. (N0 = max. Elektronendichte; ho = Hôhe, in der N0 erreicht wird;
H = Skalenhôhe).

Nach Ausweis der Magnetometermessungen [HEINRICH et al. 1970] befand sich
die Rakete während des Aufstiegs recht gut innerhalb des Stromdichtemaximums
des Polarlicht-Elektrojet (AEJ). Diese Beobachtung wird unterstrichen durch die
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Abb. l: Elektronendichte-Pro le für alle drei Raketen, gemessen mit der Impedanz-Sonde.
(Volle Dreiecke bezeichnen die für Aufstieg l angepaßte Ü-IAPMAN—ELIAS—Fu ktiml.)

Electron density pro les for all three ights, measured with the impedance probe
(full triangles indicate t with CHAPMAN-ELIAS function for ascent 1).

Tatsache, daß die unmittelbar vor und nach dem Aufstieg erhaltenen Ionogramme
keine Re exionen zeigen. Soweit an Hand der Ergebnisse des RPA-Experiments
Elektronendichtewerte ermittelt wurden, stimmen sie ziemlich gut mit den Ergebnis-
sen der Impedanzsonde überein.

Die während des Abstiegs gemessenen Elektronendichten sind merklich niedriger
als die Aufstiegswerte. Offensichtlich paßt dies zu der magnetometrisch erschlossenen
Stromdichteverteilung [HEINRICH et al. 1970], aus der man ersieht, daß die Rakete
beim Abstieg Gebiete niedrigerer Stromdichte erreichte. Auch der während des
Raketen uges beobachtete Abfall der Riometerabsorption (27,6 MHz) von ca.
1,9 dB auf 0,8 dB paßt in dieses Bild. Allerdings können wir zur Zeit nicht aus-
schließen, daß ein Schweifeffekt durch Ausgasen der absteigenden Rakete auch eine
Erniedrigung der Elektronendichte im „Kielwasser“ der Rakete hervorrief. In diesem
Falle wären die Abstiegsergebnisse unsicher.

Rakete 2 (4. 12. 68)

Bis hinauf zu 130 km kann das Aufstiegspro l sehr gut durch die GI. (l) rnit den
für Rakete l bestimmten Parametern beschrieben werden. Oberhalb dieser Höhe
übersteigen jedoch die mit der Impedanzsonde gemessenen Elektronendichtewerte
jene des CHAPMAN—ELIAS—Pl'o is bis zu 100 %. Der Maximalwert der gemessenen
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Elektronendichte von 3,5 ' lOllm“3 ist in sehr guter Übereinstimmung mit dem Wert,
der aus dem Ionogramm des Kiruna Geophysical Observatory (KGO) ermittelt
wurde. Das erste ESRANGE-Ionogramm nach dem Schuß zeigt eine maximale Elek-
tronendichte von 2,5 - 1011m—3, die gut mit dem während des Abstiegs gemessenen
Wert von 2,2 - 10—11m—3 übereinstimmt. Auch im Verlauf dieses Schusses nahm die
Riometerabsorption beträchtlich ab (der AEJ wanderte hier nach Süden bzw. teilte
sich in zwei sich voneinander entfernende Zentren auf).

Rakete 3 (3. 12. 68)

Die Abweichung des Dichtepro ls von dem für Rakete 1 erhaltenen Pro l der
Gl. (l) ist sehr stark oberhalb 130 km. Dies ist mit den magnetometrischen Beob-
achtungen [HEINRICH et al. 1970] in Einklang, nach denen sich die Rakete auf das
zweite Stromdichtemaximum zu bewegte, das nördlich des Startplatzes lokalisiert
War (und selbst in südlicher Richtung wanderte). Die gemessene maximale Elek-
tronendichte von 3,3 - 1011m“3 ist in guter Übereinstimmung mit dem Ionogramm-
Wert des KGO (3,5 - 1011m'3). Die ESRANGE-Ionosonde, die sich etwa 40 km nörd-
lich des Startplatzes be ndet, zeigte zu dieser Zeit keine Re exion, wohl wegen der
höheren Ionosation über dieser Stelle.

Während dieses Schusses nahm die Riometerabsorption von anfänglich 0,6 dB auf
schlieBlich etwa 2,1 dB zu. Leider verfügen wir über keine Abstiegsdaten bei diesem
Flüg. da bei Erreichen des Apogäums die Telemetrie aus el. Sehr wahrscheinlich
Wären aufgrund der Magnetometermessungen beim Abstieg wesentlich höhere
Elektronendichtewerte gemessen worden als beim Aufstieg; dies scheint sich mit der
Starken Abweichung des Aufstiegspro ls von dem CHAPMAN-ELIAS-Pro l oberhalb
l30 km bereits anzukündigen.

1.3 Berechnung von Leitfähigkeitspro len

Neben der Elektronendichte sind die Haupt-Eingangsparameter bei der Berech-
nUng elektrischer Leitfähigkeiten die Stoßfrequenzen:

0'
_Æ_Ê

F

we/vcn coi/vin

—

P
—

B _1+(œe/ven)2 1+(wi/vin)2_i

N r 1 1
'

‚=__e _.. 1.20-H
B __1 'l-(ven/(Joe)2 l +(vin/wi)2_

( )

Ne wi/vin + we/ven
au

z? l +(wi/vin + we/ven)
.
vei/we

Dabei sind O’P, 0H die PEDERSEN- und HALL-Leitfähigkeit, a” die Leitfähigkeit
Parallel zum Magnetfeld B = 0,5 Gauß, we, a); die Elektronen- und Ionengyro-
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frequenz, Wen, rm die Elektronen- und Ionenstoßfrequenz, vei die Stoßfrequenz
zwischen Elektronen und Ionen und e = 1,602 ~ 10‘19 Asec die Elementarladung.
In (1.2) ist das ionosphärische Plasma als elektrisch neutral behandelt.

l .3.l Stoßfrequenzpro le

Wir wollen schauen, welche Stoßfrequenzpro le hier zu verwenden sind. Abb. 2
zeigt eine Reihe von Elektronenstoßfrequenzen für den hier interessierenden Höhen-
bereich. Stoßfrequenzen für monoenergetische Elektronen wurden in effektive Stoß-
frequenzen umgerechnet, wobei ein von PIGGOTT und THRANE [1966] für Höhen
oberhalb von 90 km angegebener Faktor 2,5 benutzt wurde. Die durch volle Drei-
ecke gekennzeichneten Stoßfrequenzen wurden nach Prooorr und THRANE [1966]
berechnet, wobei die Proportionalität der Stoßfrequenz zu Te/Tn (Te, Tn = Elek-
tronen- bzw. Neutralteilchentemperatur), berücksichtigt wurde. Dabei sind die Te-
Werte und — als Näherung für Tn — der Wert der Ionentemperatur Ti des GSA-
Experimentes bei 170 km benutzt worden. Für 80 km wurde Tn der CIRA 65-Atmo-
sphäre (Modell 5) entnommen; in den Zwischenhöhen wurde Tn linear zwischen dem
CIRA- und dem GSA-Wert interpoliert. Die durchgezogene Kurve in Abb. 2 stellt
Mittelwerte dar, die aus allen in dieser Figur eingetragenen Stoßfrequenzen mit
Ausnahme der von BOSTRÖM [1964] benutzten Werte gebildet wurden. Wie zu er—
sehen ist, scheinen die von BOSTRÖM benutzten Stoßfrequenzen um einen Faktor von
mindestens 2 zu klein zu sein.

Abb. 3 zeigt IonenstoBfrequenzen. Die durchgezogene Kurve bezeichnet Stoß—
frequenzen, die durch Mittelung von bei HEINRICH[1969] entnommenen und nach
DALGARNO [1958, 1961] berechneten Werten entstanden sind. Diese Abbildung zeigt,
daß die von BOSTRÖM benutzten Ionenstoßfrequenzen ebenfalls, und zwar wenigstens
unterhalb 130 km, als zu klein erscheinen.

Abb. 4 zeigt Elektronen-Ionen-Stoßfrequenzen als Funktion der Elektronendichte
für verschiedene Werte der Elektronentemperatur. Die Kurven sind nach einer von
NICOLET [1953] angegebenen Formel berechnet.

l .3.2 Leitfähigkeitspro le

Da in der gesamten Ionosphäre coi/vin < cue/wen, oberhalb etwa 80 km (we/pen)2 < l
und oberhalb etwa 100km Ven' vm < we an gilt, können die Gleichungen (5.2) wie
folgt vereinfacht werden:

0' .—_1Yî (Oi/Vin
P—

B 1+(wi/vin)

0' -£v—°—————————;l (l 3)H—
B 1+(wi/vin)

.

N: we
0H

zîven+vei
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0 Experimentelle Werte nach PIGGDTT und THRANE [1966] extrapoliert oberhalb
140 km.

A Theoretische Werte berechnet nach PIGGOTT und THRANE unter der Annahme
Ter/Tu I l.

A. Theoretische Werte, berechnet nach PIGGDTT und THRANE, unter Benutzung von
quasi beobachteten Te/Tn-Werten. (Mittelwert der Beobachtungen aller drei
Raketen.) Te wurde direkt mit GSA-Technik gemessen, siehe Teil 2. Zu Tn siehe
Text.

® Werte, die von BOSTRÖM [1964] benutzt wurden.

Effective electron collision frequencies no“:

Values taken from HEINRICH [1969].

Values calculated with CIRA 65 atmosphere using the formula of PHELPS and
PACK [1959].

Experimental values after PIGGO'IT and THRANE [1966] extrapolated above 140 km.

Values calculated after PIGGOTT and THRANE assuming T‘a/Tu = 1.

Values calculated after PIGGOTT and THRANE using Quasi abserved Tea values
(mean of all three rockets). Te has been directly observed by RPA-techniques, see
part 2. For Tn interpolation was made between the Ti-value deduced by RPA
technique at 170 km and the Tn value of CIRA 65 at 30 km.

Values used by BDSTRÖM [1964].
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Abb. 3: Innen—Steß—Frequenzen rm:

>< Werte, die HEINRICH [1969] entnommen wurden.
O Werte, die nach DALGARND [1958, 1961] unter Benutzung der C IRA 65-Atme-

Sphäre berechnet wurden.
® Werte, die von BOSTRÖM [1964] benutzt wurden.

Ion collision frequencies rm:

>< Values taken from HEINRICH [1969].
O Values calculated after DALGARNO [1958, 1961] using CIRA 65.
® Values used by BÜSTRÖM [I964].
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In den angegebenen Höhenbereichen hängen somit die PEDERSEN- und HALL-
Leitfähigkeit praktisch nur von den Ionenstoßfrequenzen ab. Dort gilt zwischen 0p
und O'H demnach die einfache Beziehung

0"):910'” (1.4)

vin

Im betrachteten Höhenbereich sind die Elektronen- und lonengyrofrequenz prak-
tisch konstant:

we=9°1065ec_1; wi=1,55-lOzsec'1‚

wobei wi einen Mittelwert für NOT und 02+ darstellt (B = 0,5 GauB).
Die Stoßfrequenzen der Abbildungen 2 bis 4 wurden nun — zusammen mit den Auf-

stiegspro len der Abbildungen 1 bis 3 — zur Berechnung der Leitfähigkeiten nach (1.2)
benutzt. Die Ergebnisse sind in den Abbildungen 5 bis 7 dargestellt. Die gestrichelten
Linien geben die Leitfähigkeitswerte an, die man bei Benutzung der Stoßfrequenzen
nach BOSTRÖM [1964] erhält. In niedrigeren Höhen, wo (wi/vin)2 < 1, hängt 0H
praktisch nur von der Elektronendichte N ab. Sobald sich (wi/vin)2 dem Wert 1
nähert oder diesen übersteigt, führen die von BOSTRÖM benutzten niedrigeren
Ionenstoßfrequenzen zu niedrigeren HALL-Leitfähigkeiten. Dies gilt auch für ap
oberhalb etwa 125 km. Unterhalb dieser Höhe wird der Faktor wi/vm bestimmend,
so daß hier die mit den niedrigeren i'm-Werten verbundenen PEDERSEN-Leitfähig-
keiten höher sind. Unterhalb etwa 100 km beein ußt schließlich mehr und mehr die
elektronische Komponente den Wert von 0p.

Die Leitfähigkeitswerte an, die mit BOSTRÖMS niedrigeren vm-Werten gerechnet
wurden, sind gemäß Formel (1.3) .etwa zweimal so hoch wie jene, die mit denen für
diese Arbeit gewählten vin—Werten gebildet wurden. Aus den Abbildungen 5 bis 7
geht hervor, daß die durch die verschiedenen Ionenstoßfrequenzen hervorgerufenen
Unterschiede in den ap- und (In-Werten Faktoren bis zu 1,6 entsprechen.

l .4 Elektrische Felder

Wir wollen nun versuchen, die elektrischen Felder zu nden, die für die magnetisch
beobachteten Stromdichten (HEINRICH et al. 1970] verantwortlich waren. Wie es für
Fälle, in denen Stromsysteme durch Magnetometermessungen erschlossen werden,
typisch ist, können wir nur integrale Betrachtungen unter der Annahme einer höhen-
unabhängigen Horizontalkomponente des elektrischen Feldes E anstellen; die höhen-
integrierte Stromdichte wird dann:

I=jidh=Ejadh=E°Z (1.5)
O 0

(i = lokale Stromdichte).
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Aus den Abbildungen 5 bis 7 sowie aus den Leitfähigkeitspro len bei BOSTRÖM [1964]
geht hervor, daß der Beitrag von O’P und 0H zu 2p und EH unterhalb und oberhalb
des hier betrachteten Höhenbereiches (90 bis 170 km) ohne weiteres zu vernach—
lässigen ist, so daß wir

170km

Z = I adh
90 km

benutzen können.
In Tabelle 1 sind die höhenintegrierten Leitfähigkeiten eingetragen. Z” ist etwa

4 Größenordnungen größer als Zp und 273. In der ungestörten Ionosphäre ist Ep
größer als EH, da bei ca. 300 km ein zweites Maximum für ap existiert [BOSTRÖM,
1964]. Dieses Maximum wird unwesentlich im Fall eines AEJ, so daß die oben
erwähnte Integration bis zu 170 km ausreichend ist. Natürlich bleibt zu bedenken,
daß die Integration nicht mit a-Werten erfolgte, die zu einer bestimmten Vertikal-
linie gehören, sondern mit solchen, die längs der Raketenbahn angetroffen wurden.

Tabelle 1.

E'P/Q‘1 Eli/9‘1 Ell/9-1

Rakete l 14,05 34,5 16,8 ° 104

Iïkete 2 16,2 35,0 21,15 - 104

acte 3 15,5 27,5 26,1 - 104

Uîlgestôrte Ionosphäre 0,56 0,19 —-
g

Mit den Z—Werten der Tabelle 1 wurden die integrierten Schichtleitfähigkeiten
En ä Zl'p/sin2 tp und Zyx 2—: XII/sin 1p (1p = 77°, Inklinationswinkel für Kiruna)
gebildet [Untiedt‚ 1968]. In unserem Koordinatensystem (x nach Norden, y nach
Osten, z zum Erdmittelpunkt) wurden nun (unter Vernachlässigung von Neutral—
Winden) die folgenden Gleichungen benutzt (siehe auch Teil 2):

Ix=ZxxEx—EHEy (1.6)
I, = z„E, + 2,15,

k

Abb. 5, 6, 7: Aus den gemessenen Elektronendichten mit den von uns angenommenen Stoß—
zahlwerten berechnete PEDERSEN—Leitfähigkeit O’p, HALL-Leitfähigkeit an und
feldparallele Leitfähigkeit a” . Gestrichelt: Ergebnis mit den von BOSTRÖM [1964]
benutzten Stoßfrequenzen.

Conductivities computed from the measured electron densities with collision
frequencies as given by the full curves of Figs. 2, 3, 4: PEDERSEN—conductivity O'p,
HALL-conuctivity O'H, eldparallel conductivity a”. Broken curves: results ob—
tained with collision frequencies used by BOSTRÖM [1964].
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Die höhenintegrierten Stromdichten Ix und Iy wurden den Ergebnissen der magneto-
metrischen Messungen [HEINRICH et al. 1970] entnommen, wobei für die Richtung
des AEJ Mittelwerte des gemessenen Azimutwinkels von 260° (Rakete l), 265°
(Rakete 2) und 260° (Rakete 3) benutzt wurden. Die erhaltenen elektrischen Feld-
stärken sind in Tabelle 2 eingetragen:

Tabelle 2

Rakete 1 Rakete 2 Rakete 3

A") —— 12 — 15 — 5

i— B *) — 14 — 11
mV m‘1

mittel —— l3 — 13

A — 4 — 4 —— 2

i’— B — 5 — 3
mV m‘1

mittel — 4,5 — 3.5

*) Bei A wurden die höhenintegrierten Stromdichtewerte von D. REIMER, bei B diejenigen
von H. HEINRICH benutzt.

Wir erhalten somit ein elektrisches Feld mit einer Nord—Süd-Komponente, die
etwa um den Faktor drei größer als die Ost-West—Komponente ist. Dieses Resultat
scheint den Schluß von WESCOTT et al [1969] zu bestätigen, daß der AEJ im
wesentlichen einen HALL-Strom darstellt.

Die elektrischen Felder der Tabelle 2 stimmen recht gut mit den elektrischen Fel-
dern überein, die in Teil 2 mit Hilfe der GSA-Technik aus der horizontalen Ionen—
triftbewegung für den Höhenbereich um etwa 120 km gewonnen wurden. Unser
Resultat ist ebenfalls mit den elektrischen Feldern vergleichbar, die aus Barium-
wolkenexperimenten (allerdings für Höhen von 200—300 km) abgeleitet wurden
[FÖPPL et al. 1968; WESCOTT et al. 1969].
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2. Messung von Elektronen-Temperatur und Ionen-Trift mit einem Gegenspannungs-
Analysator und daraus berechnete elektrische Feld- und Strompro le

2.1 Einführung

Für ein besseres Verständnis und für theoretische Berechnungen ist es von großer
Wichtigkeit, neben der Elektronendichte auch deren Temperatur und die Plasma-
bewegung zu kennen. Zu diesem Zweck wurde mit einem planaren Gegenspannungs-
analysator (GSA) [HINTEREGGER 1960] das thermische Energiespektrum der Elek-
tronen und, als neue Anwendung, auch die Ionentriftgeschwindigkeit gemessen.
Während die Elektronentemperatur aus der Strom-Spannungskurve der LANGMUIR-
Charakteristik abgeleitet wurde, konnte die Ionentrift aus der gemessenen Strom-
modulation um die rotierende Rakete ermittelt werden.

Der planare Sensor der GSA besteht im wesentlichen aus dem Gegenspannungs-
gitter in der Front des Sensors, dem Schirmgitter und dem Kollektor (Abb. 8). Die
Kollektorplatte ist umgeben von einem Schutzring. Beide sind so geladen, daß in
einem Mode (+ 18 V) nur die Elektronen gesammelt und die positiven Ionen ab-
gestoßen werden, während im folgenden Mode (—- 15 V) nur die Ionen gemessen
werden. Das Schirmgitter (+ 15 V bzw. — 18 V) ist immer etwas negativer als der
Kollektor, um Sekundärelektronen zu unterdrücken; außerdem verringert es die
Kapazität zwischen Gegenspannungsgitter und Kolektor. Um eine bessere Energie-
auflösung zu erhalten, ist das Gegenspannungsgitter als Doppelgitter ausgebildet.
Das Potential wurde in 256 Schritten zwischen + 5 V und —— 4 V durchgefahren.
Zur Verkürzung der Meßzeit war die Möglichkeit vorgesehen, automatisch 7 Stufen
von 8 zu überspringen, so lange die gemessene Stromänderung klein blieb. Die ein-

f wmm 4

::::: retarding grid

----------------- guard grid

“'24

—0

—— _T— — guard ring

I
collector

Abb. 8: Gegenspannungs-Sensor (schematisch).

Sensor of (planar) retarding potential analyzer (RPA): Double retarding front grid
on variable voltage, screen or guard grid to eliminate secondary electrons, collector
plate sourrounded by guard ring to achieve planar geometry.
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fallenden geladenen Partikel können nur dann das Gegenspannungsgitter passieren,
wenn deren kinetische Energie größer ist als das angelegte Gitterpotential. Der ge--
sammelte Teilchenstrom wurde in Abhängigkeit von der Gitterspannung durch einen
emp ndlichen linearen Verstärker (10‘6 A bis 10‘10 A) mit automatischer Bereichs-
umschaltung gemessen. Der Durchmesser des Sensors betrug 8 cm mit einer Kollek-
tor äche von etwa 3 cm2. Der Sensor war an einem kurzen Ausleger befestigt (1/2 m)
und schaute in Richtung der Raketenachse.

2.2 Messung der Elektronentemperatur

Aus dem gemessenen Elektronenstrom und der angelegten Gitterspannung wurde
die halblogarithmische Strom-Spannungskurve aufgezeichnet, die in Abb.9 dar—
gestellt ist. Dieses integrale Energiespektrum kann durch seine Temperatur gekenn—
zeichnet werden, wenn eine thermische Energieverteilung vorliegt. Die gemessene
Verteilung zeigte für den Logarithmus des Stroms regelmäßig einen linearen Verlauf
über zwei Größenordnungen. Dies bedeutet, daß die Elektronen in einem Energie—
bereich, der von 2 oder 3 bis zu 7 kTe reicht, einer MAXWELL-Verteilung gehorchen.
Vom Plasmapotential aus gerechnet entsprechen 2,5 kTe einer negativen Gegen—

-J/A

T I WOO‘K
H8160 km

... - 10'7

.. _. '0‘0

L- — 1049
Kiruna
Nov. 19,196:

U/V f l Q

Abb. 9: Eine gemessene Stromspannung-Charakteristik (halb-logarithmisch).

Example of a measured semi-logarithmic current voltage curve; the quasi-linear part
corresponding to the tail of a maxwellian distribution, is used to derive an electron
temperature.
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Spannung von ca. 0,3 V. Das Plasmapotential kann aus der Lage der Kurve gegen
die Spannungsachse erhalten werden. Im vorliegenden Beispiel (Abb. 9) betrug sein
Wert etwa + 1,8 V. Im Bereich unter 2 kTe erhält man keine genauen Messungen,
weil die verschiedenen Störfelder bei kleinen Potentialen die Messung verfälschen.
Wir dürfen aber annehmen, daß in diesem Bereich kleiner Energie die gleiche ther-
mische Verteilung besteht wie im anschließend gut meßbaren Energiebereich. Da-
gegen wurde im Bereich oberhalb von 7 kTe ein größerer Strom gemessen, als er dem
Schwanz einer MAXWELL-Verteilung, d. h. einer Geraden in Fig. 9 entsprechen würde.
Hieraus ergibt sich, daß eine energiereiche Elektronen-Komponente der thermischen
überlagert ist. Der Teilchenfluß ändert sich oberhalb von 120 km nicht mehr wesent-
lich mit der Höhe, und er beträgt etwa 109 Elektronen cm—2 5‘1 in allen drei Auf-
Stiegen.

Im thermischen Bereich des Spektrums wurde die Temperatur aus der Steigung
des linearen Teils der halblogarithmischen Stromspannungskurve ermittelt, ent-
sprechend den folgenden Gleichungen:

1—1 ex _eU d L_5,02'103(AU/V)‘ ° p kn °K“ Magma/A)
I gemessener Strom, Io Strom für U = 0;
e Ladung eines Elektrons, U Gegenspannung;
k BOLTZMANN-Konstante, A U Spannungsdi erenz zwischen 2 Punkten;
A log I entsprechende logarithmische Stromdi 'erenz;
Te wirksame Temperatur der Elektronen.

Die Ergebnisse der drei Aufstiege sind in den Abbildungen 10, ll und 12 zusammen-
gestellt. In allen drei Fällen gelingt die erste Temperatur-Messung ungefähr in 100 km
l‘löhe und ergibt rund 1000 °K, um dann auf rund 2000 °K in 170 km Höhe anzusteigen.

Aufstieg l (Abb. 10) zeigt eine starke Streuung der Meßpunkte im Apogäum und
Verschiedene Werte für den Auf- und Abstieg; letztere sind bei 100 km Höhe wenig-
stens 400°K größer. (Die experimentelle Unsicherheit ist höchstens 100°K). Wir
glauben, daß während dieses Aufstiegs die Ionosphäre sehr heterogen war, so daß die
l{Elkete im Abstieg ein Gebiet anderen Zustandes durchfuhr. Dementsprechend n-
den wir auch für die Ionentrift starke Veränderungen, wie weiter unten gezeigt wird.

Aufstieg 2 (Abb. ll) zeigt im Höhenbereich von 100 bis 130 km ein Temperatur—
minimum von 500 °K bei 120 km Höhe; das ist exakt die Höhe, für die unsere Trift-
messungen maximalen Strom im AEJ enzeigen. In den beiden anderen Aufstiegen
ist diese Minimum ebenfalls angedeutet, jedoch weniger ausgeprägt.

Aufstieg 3 (Abb. 12) gibt Temperaturen, welche gerade zwischen den beiden Auf-
stilägen liegen. Der mittlere Temperaturanstieg ist geringer (lO°/km) für Rakete 3
Und den Abstieg von Rakete 1 als für Flug 2 und den Aufstieg von Rakete l (15°/km).
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Abb. 11: Eelektronentemperatur, gemessen mit Rakete 2.

Measured electron temperature for rocket 2. Note minimum at altitude of AEJ
(120 km) observed at ascent.
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Abb. 12: Elektronentemperatur, gemessen mit Rakete 3.

Measured electron temperature for rocket 3 (upleg only, telemetry broke down
during downleg).
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Im Vergleich mit den magnetischen Bodenbeobachtungen [HEINRICH et al. 1970] und
unseren Triftmessungen, die später beschrieben werden, haben wir demnach dann
einen großen vertikalen Gradienten der Elektronentemperatur Te, wenn der Strom
im AEJ groß ist, und umgekehrt. Die Elektronentemperatur scheint durch den Auf-
bau eines AEJ erniedrigt zu werden; dabei tritt die größte Temperaturerniedrigung
in der gleichen Höhe auf, in der die Beobachtung der Ionen-Triftgeschwindigkeit
das Strommaximum ergibt. Dies erklärt auch den starken Temperaturanstieg beim
Abstieg in Abb. 10, da sowohl die magnetischen als auch die Triftmessungen eine
geringere Stromdichte im Abstieg zeigen.

Für unsere späteren Überlegungen ist die lonentemperatur ebenfalls von Wichtig-
keit. Da aber die thermische Ionengeschwindigkeit in der gleichen Größenordnung
liegt wie die Raketengeschwindigkeit, ist die Temperaturbestimmung ziemlich schwie-
rig. Lediglich im Apogäum, wo die Raketengeschwindigkeit in der (vertikalen) z-
Richtung klein ist, konnten wir die Ionentemperatur bestimmen. Für Flug l erhielten
wir etwa lOOOCK und für Flug 2 etwa 1100°K in 170 km Höhe.

2.3 Messung der Ionen-Triftgeschwindigkeit

Wir können unser oben beschriebenes Meßinstrument, den GSA, auch zur Unter—
suchung der Ionen-Triftgeschwindigkeit benutzen. Dabei gehen wir von der Vor—
stellung aus, daß die Rakete selbst gegenüber dem lonengas Überschallgeschwindig—
keit hat, also ein Hindernis in einer hypersonischen Plasmaströmung darstellt und
deshalb einen Bereich verminderter Ionendichte (Schweif; englisch = wake = Kiel-
wasser) hinter sich herzieht. Hat man außer der im wesentlichen vertikalen Bewegung
der Rakete noch eine horizontale Trift des Plasmas, so entsteht auch in der xy-Ebene
ein Schweif-Effekt, d. h. um die Rakete herum in dieser Ebene. (Die reine z-Bewegung
verursacht dagegen keine Störung in der xy-Ebene). Der Sensor, an einem kurzen
Ausleger befestigt, schaut in z—Richtung und rotiert mit dem Spin der Rakete um
die Raketenachse. Da unser Sensor auf der Rakete als Bezugssystem den Teilchen-
uß im Zeitverlauf, also in Abhängigkeit des Drehwinkels, laufend mißt, sollte eine

Störung der Zentralsymmetrie in der xy—Ebene im zeitlichen Stromverlauf zu erken-
nen sein. Sofern die Störung bis zum Ende des Auslegers reicht, wird jede Plasma-
bewegung in dieser Ebene eine Strommodulation im Takt der Spinfreqeunz erzeugen.
Das Strommaximum erscheint im Azimuth des ankommenden Ionenstroms, das
Minimum auf der gegenüberliegenden Seite im „Schatten“ der Rakete. Diese Modu-
lation erscheint in der Tat sehr deutlich bei allen drei Aufstiegen.

Abb. l3 zeigt eine Registrierung während der Betriebsart „Ionenmode“. Es wurde
eine zeitlich treppenförmige abnehmende Gegenspannung angelegt; der mittlere
lonenstrom nimmt daher zu. Dem Strom überlagert ist eine kräftige Modulation,
deren Frequenz genau mit der Spinfrequenz übereinstimmt, wie sie durch die Magneto-
meter-Aufzeichnung (dritte Spur in Abb. 13) gemessen wurde. Einige vorläu ge
Meßergebnisse dazu haben wir bereits früher beschrieben [RAWER und SPENNER 1969].
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Ähnliche Effekte mit LANGMUIR-Proben sind von verschiedenen Autoren angegeben
worden, ohne daß jedoch die gemessene Modulation als Ionentrift interpretiert
worden wäre.

1213111231: mammal: llllllIlHllllllllllllllll IllIlllll mum [2111113 mum nnnm nm: mmn: llllllIIlällIIIlll .illllll mm nm: l:
——-—-— .___._.._ —

Abb. 13: Registrierung für einen Ionen-Meßmode. Spur l (links von oben) zeigt die trappeu-
förmige Gegenspannung mit Fein- und Grobschritten, Spur 2 das modulierte Ionen-
strom-Signal, Spur 3 das Magnetometer-Signal zur Phasenbestimmung der Strom-
modulation, Spur 4 den Zeit-Kode (Rakete l, 120 km Höhe).

Record obtained for an ion measuring mode, i.e. with a retarding potential going to
negative values. Trace l shows the staircase like retarding potential with rough and
ne stepping. Trace 2 is the ion current which is zero at rst. begins to increase in

the middle of the time scale and reaches its maximum at right. Superposed to this
general increase, a strong modulation occurs. Its frequency exactly equals the spin
frequency as is seen from trace 3, the magnetometer output (Jr-component). Phase
comparison between both traces allows to determine the ion ux direction (as seen
from the rocket). The modulation depth is used to compute the ion ux intensity.
Trace 4 is the time code (rocket l, altitude 120 km).

2.3.1 Theoretische Grundlagen

Für eine qualitative Untersuchung des modulierten Stromes teilen wir die xy-
Ebene um die Rakete in zwei Zonen. Die erste Zone ist die sogenannte Plasmahaut;
sie umgibt die Rakete allseitig als eine Schicht positiver Raumladung nahe der
Raketenhaut, in der das stark negative Potential allmählich zum ungestörten Raum-
potential abfa‘llt. Die positiven Ionen, die diese Zone treffen, werden durch das
elektrische Feld in der Plasmahaut der Rakete angezogen. In der zweiten Zone
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