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ABSTRACT 

Energetic electron precipitation in the auroral zone has been studied using coordinated 
auroral X-ray measurements from balloons, altitude profiles of the ionospheric electron 
density measured by the EISCAT radar above the balloons, and cosmic noise absorption 
data from the Scandinavian riometer network. The data were obtained during the 
Coordinated EISCAT and Balloon Observations (CEBO) campaign in August 1984. 

A method, by which an estimate of the energy spectrum of precipitating (primary) 
energetic electrons can be obtained from balloon measurements of bremsstrahlung X-rays, 
is described. The estimated primary electron energy spectra are used as input in a model for 
calculating altitude profiles of the (secondary) ion/electron pair production rate in the 
ionosphere below 100 km. The ion pair production rates are combined with conjugated 
measurements from the European Incoherent SCATter (EISCAT) radar of altitude profiles 
of the secondary electron density in the lower ionosphere to yield altitude profiles of the 
steady state electron loss coefficient in the D region and the lower E region. 

Profiles of the electron loss coefficient were derived during a slowly varying absorption 
event on the morning side of the auroral zone. The profiles show a general consistency with 
previous estimates, but in the altitude range 70 to 80 km the loss rate decreases 
progressively through the precipitation event. This feature presumably indicates a 
progressive change in the D region photochemistry and is possibly caused by the electron 
precipitation. 

The expected cosmic noise absorption was calculated from the electron density profiles 
measured by EISCAT and compared with the absorption measured by the riometcr in 
Kilpisjarvi, Finland, over a two hour interval when the field of view of the riometer, the X -
ray spectrometer and the radar overlapped. The measured electron density profiles account 
satisfactorily for the observed absorption, except during short ( 1 - 3 minutes) intervals with 
poor agreement between the observed and the calculated absorption. The short intervals 
with poor agreement are presumably signs of small scale spatial structures in the energetic 
electron precipitation. 

The energy spectral variations of both the X-ray fluxes and the primary precipitating 
electrons are examined for two precipitation events in the morning sector. As far as 
reasonably can be concluded from observations of magnetic activity in the auroral zone, 
and from the temporal development of the energy spectra, the two precipitation events can 
be interpreted in the frame of present models of energetic electron precipitation on the 
morning side of the aurora] zone. 

KEY WORDS: Electron precipitation, auroral X-rays, electron energy spectrum, lower 
ionosphere, electron loss coefficient, cosmic noise absorption, EISCAT, CEBO campaign. 
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PREFACE 

The following thesis is based on the analysis of data from the Coordinated EISCAT and 

Balloon Observations (CEBO) program in August 1984. CEBO was a joint Norwegian and 

Austrian EISCAT/balloon program and was carried out in cooperation with the University of 

Tromsø, the Space Research Institute - Austrian Academy of Sciences, and the EISCAT 

Scientific Association. The main purpose of the program was to study lower ionosphere 

phenomena associated with energetic auroral particle precipitation, and lo examine the validity 

of some of the different models used in upper atmosphere physics. 

The first chapters of the thesis arc intended to provide background information on some 

aspects of the physics of die lower ionosphere. A model of the generation and penetration of 

auroral X-rays into the atmosphere is described in chapter 5 and in chapter 6 a model which 

calculates the ion pair production due to energetic electron precipitation in the upper 

atmosphere is outlined. Chapter 7 treats the principles of ionospheric measurements by 

incoherent scatter radars. The results of the analysis of the CEBO data set are given in chapters 

7throL-£h 11. 

I have to thank several people for their help in the analysis of the data and the preparation 

of the thesis. First and foremost I wish to thank Stein Ullaland, who proposed and led the 

program, for his support during this work. 1 am also indebted lo the other members of the 

space physics group at the University of Bergen, especially Magne H3v5g for practical help 

concerning the computers used. Truls Hansen, University of Tromsø, designed the radar 

experiment and reduced the radar data to a user friendly form. It is a pleasure lo thank him for 

fruitful interaction and inspiration. I also thank Asgeir Brekke, University of Tromsø, for his 

interest in this work. 

The ground based magnetic recordings weie provided by the World Data Centre -

Geomagnetism, Denmark, Risto Pcllinen, Finish Meteorological Institute, Ingemar Haggstrom, 

Kiruna Geophysical Institute, Sweden, and Steinar Berger, University of Tromsø. Data from 

the Scandinavian riometer network were provided by Hilkka Ranta, SodankylS Geophysical 

Observatory, Finland, and Peter Stauning, Danish Meteorological Institute. 

The Royal Norwegian Council for Scientific and Industrial Research (NTNF) organized 

part of the balloon campaign, launched the balloons and operated the telemetry station at 

Andenes. The balloon program was supported financially by NTNF and the Austrian Science 
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Research Council. Financial support for travelling in connection with the analysis of the data 

was received from the Norwegian Research Council of the Sciences and the Humanities 

(NAVF). The EISCAT Scientific Association is supported by Suomen Akatemia, Finland, 

Centre National de la Recherche Scientifiquc, France, Max-Planck-Gesellschaft, W. Germany, 

Norges AlmenvitensJcapelige ForskningsrSd, Norway, Naiurvetenskapliga Forsknbgsradet, 

Sweden, and Science and Engineering Research Council, United Kingdom. 

Harald Hansen and H. Slamanig constructed the balloon payloads. Terje Gronås and Geir 

Johansen operated the EISCAT radar and Kåre Njoten assisted during the balloon campaign. 

Finally I wish to thank my family for their patience and encouragement during the course 

of this work. 

Bergen, June 1990 Kjartan J. Olafsson 
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AN OVERVIEW 

The following thesis is concerned with some aspects of the precipitation of energetic 
particles from the earth's magnetosphcre into the upper atmosphere. We will concentrate on 
the effects of energetic (e 30 keV) electrons on the lower pans of the ionosphere, including 
the D layer, which is the region between 50 and 90 km altitude, and the E layer continuing 
upwards to 150 km. The region above 150 km, i.e. the F layer, is not seriously affected by 
electrons in the energy range of interest; the electrons will penetrate this layer without 
significant energy degradation. In the E layer and especially in the D layer the neutral gas 
density increases markedly and collisions between the electrons and the neutral gas 
molecules will gradually decrease the kinetic energy of the electrons. As an example, only 
electrons wiih energy exceeding 100 keV can penetrate down to altitudes below 80 km. In 
the collisions with the neutTal gas the electrons loose the greatest part of their kinetic 
energy by ionizing and exciting the atmospheric gases. The former process will increase the 
concentration of free (secondary) electrons in the ionosphere; the latter mechanism leads to 
optical emissions, namely the aurora. A small amount of the energy of the precipitating 
electrons is also radiated directly as X-rays, frequently called bremsstrahlung The 
brcmsslrahlung photons can penetrate to lower altitudes in the atmosphere than the primary 
electrons themselves, and measurements from balloon borne X-ray detectors have been 
used extensively to study the morphology of the energetic electron precipitation. The energy 
spectrum of the X-rays may also give some information on the energy spectrum of the 
primary electrons. 

Among other effects of the electron precipitation we could mention enhanced 
absorption of radio noise from space. Radiowaves with frequency around 30 MHz arc most 
heavily absorbed in the D layer, i.e. in the same region as the high energy electrons mainly 
loose their energy. The intensity of cosmic radio noise at frequencies near 30 MHz is 
continuously monitored by riometers, thus providing another type of data that also can be 
used to map the spatial distribution of the energetic electron precipitation, but neither the 
spectral characteristics of the primary electrons nor the density profiles of the secondary 
electrons can be recovered from the riometer recordings alone. 

Among important topics concerning the effects of particle precipitation on the 
ionosphere during auroral events is the interrelation between the flux of energetic electrons 
from the magnetospherc into the atmosphere and the free electron density in the D - and E 
regions. Several experimental methods have been applied to study this relationship. A 
popular method is to measure both the fluxes of the precipitating particles and the 
secondary electron density in situ with rocket borne instruments. This method can provide 
accurate data with a good altitude resolution under favourable conditions, but it gives only 
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a "snapshot" of the measured quantities. The time history of events lasting more than a few 
minutes must be studied by other means. Another possibility is to measure the electron 
density with ground based remote sensing instruments, e.g. a radar, and the particle fluxes 
directly on board a magnetically conjugate satellite in the magnetosphere. This method can 
be successful in some special cases such as during Polar Cap Absoiption (PCA) events 
when the particle precipitation is spatially uniform over a wide area. During auroral events 
the electron precipitation is strongly non-uniform, hence the ground based instruments and 
the radar must be very closely conjugated to provide useful data. The laws of classical 
mechanics restrict seriously the possibilities of such a close conjugation; a satellite in a low 
polar orbit will pass through the potential field of view of a radar in only a few minutes 
and a satellite at geosynchronous orbit will only by accidence be exactly conjugated with 
the ground based instruments, as the exact form of the geomagnetic field line threading the 
satellite will change wilh local time and with the state of the magnetosphere. 

In the following chapters we will review the results from an experiment that includes: 

a) Indirect measurement of the fluxes of precipitating energetic electrons into the 
atmosphere. 

b) Exactly conjugated radar measurements of the free electron density in the lower 
ionosphere. 

In the Coordinated EISCAT and Balloon Observations (CEBO) program in August, 1984, 
two balloons, CEBO-1 and CEBO-2, were launched from Setermoen, about 80 km south 
of Tromso. The balloons carried detectors for the measurements of bremsstrahlung X-rays 
emitted by precipitating energetic (a 30 keV) elections. Simultaneously, the EISCAT 
(European Incoherent SCATtcr) radar measured the electron density in the ionosphere 
above the balloons, during the local night hours. At Ihis time of the year the stratospheric 
wind speeds are very low and the balloons drifted slowly within the potential field of 
view of the radar. CEBO-I was launched around 2000 UT on August 25 and was cut 
down at 1000 UT on August 27. CEBO-2 was launched at 1630 UT on August 28 and cut 
down at 1100 UT on August 29. Examples of the data obtained during the CEBO campaign 
are given by Ullaland et al. (1985). 

The following main topics will be treated in connection with the interpretation of the 
CEBO data set: 

- A method in which the balloon X-ray measurements are used to estimate the energy 
spectrum of the precipitating electrons. 

- Calculations of the ion pair production rates in Ihe Inwer ionosphere, when the ionization 
is caused by precipitating electrons with a known energy spectrum. 

- The use of incoherent scatter radars to study the ionosphere. 
- Calculation of the free electron loss coefficient in the D - and lower E regions. 
- Comparison of the expected Cosmic Noise Absorption (CNA), calculated from the radar 

measurements of the elect on density, with the actual absorption measured by riometcrs. 
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We will concentrate on the "mesoscale" aspects of the electron precipitation events; at 
every instance we will assume that we are dealing with parameters that are horizontally 
uniform over an area that is comparable with the field of view of the instruments used, i.e. 
on the order of 100 km or so. The vertical variability of the ionospheric quantities, 
measured or derived, is much more prominent than the horizontal inhomogeneiry. In the 
interpretation of the measurements we will operate with an altitude resolution between one 
and two kilometres. Neither effects on the atomic/molecular scale nor the global nature of 
the processes involved will be discussed attentively. 
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CHAPTER 2 

SOME CHARACTERISTICS OF THE LOWER IONOSPHERE 

In this chapter some characteristics of the D - and lower E layers and the neutral 
atmosphere below 100 km are outlined to provide background information for the 
experiments and results discussed in later parts of this study. 

2.1 The neutral atmosphere. 

In tlje atmosphere the vertical variability of pressure and density is much larger than the 
horizontal variability of these parameters. Therefore, it is convenient to define a "standard" 
atmosphere where the pressure and density are functions of height only. The height 
variations of the pressure and the temperature in the lower atmosphere (below 40 km) have 
been studied by in situ measurements from aircrafts and balloons. Above 40 km these 
quantities have been explored by means of rocket experiments. The height profiles of the 
pressure, density and mean free path, according to the U.S. Extension to international Civil 
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S t a n d a r d 
Atmosphere, are 
shown in figure 2.1. 
Within the lowest 
1 0 0 k m t h e 
logarithm of the 
pressure falls off 
almost linearly with 
height, with the 
slope of the curve 
corresponding to a 
scale height H - 7 
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The vertical 
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atmosphere is 
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shown in figure 2.2. 
As indicated in the 
figure, the atmosphere 
can be divided into 
four main layers; 
t r o p o s p h e r e , 
s t r a t o s p h e r e , 
m e s o s p b e r e and 
thermosphere. This 
prof i le r e p r e s e n t s 
typical conditions at 
middle latitudes, but 
there is considerable 
latitudinal and seasonal 
var iab i l i ty in the 
temperature profile as 
demonstrated in figure 
2.3, which shows a 
m e r i d i o n a l c r o s s 
s e c t i o n o f i h c 
longitudinally averaged 
temperature at solstices. 

It should be emphasized that the actual temperature profile at a given instance and location 
can be very different from the profile shown in figure 2.2. At high latitudes in the summer 
hemisphere there are observed wave-like structures in the temperature profiles in the 
vicinity of the mesopause (between 80 and 100 km) (Kopp et al., 1985c). In the winter 
hemisphere the temperature fluctuations between 50 and 90 km altitude may be as much as 
50 K on the time scale of few hours (Philbrick et al., 1984, Myrabo and Harang. 1988). 
From figure 2.3 it can be seen that during summer the average temperature at 80 km 
altitude and 70° N or S is about 60 K lower than during winter, von Zahn and Meyer 
(1989) derived summer time temperature profiles from falling sphere experiments. Their 
mean profile showed the mesopause to be at an altitude of 88 km and at a temperature of 
129 ± 6 K, which is about 10 to 20 K lower than predicted by many atmospheric models. It 
is worth noticing that the temperature minimum at the mesopause is not very pronounced in 
winter at high latitudes. 

The ratios of various gaseous constituents at any level in the atmosphere are determined 
by two physical processes; mixing due to fluid motions, and molecular diffusion. The 
effectiveness of mixing due to turbulent motions of air parcels docs not depend on the 
molecular weight of the individual gas species. Therefore, the atmospheric composition 
tends to be almost independent of height within the range of levels where this process 
predominates. On the other hand, diffusion by random molecular motions tends to produce 
an atmosphere where the mean molecular weight of the mixture gases gradually decreases 
with altitude and only the lightest gases (hydrogen and helium) arc present at the highest 
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Celsius (from Wallace and Hobbs, 1977). 

levels. The effectiveness of molecular diffusion increases in proportion to the root mean 
square velocity of the random molecular motions and will also increase with the mean free 
path between collisions. Near an altitude of 100 km the mean free path is about 0.1 m and 
it is believed that at this level the two mixing processes are of comparable importance. Tne 
level of transition from turbulent mixing to molecular diffusion is called the turbopause. 
The well mixed region below the turbopause is called the homosphere; the region above is 

Table 2.1. 

Sea level atmospheric composition of dry air (from "Wallace and Hobbs, 1977). 

Constituent Molecular fraction Molecular 
weight (amu) 

Nitrogen (NJ 78.1% 28.02 
Oxygen (Cy 20.9% 32.00 
Aigon (Ar) 0.93% 39.94 
Carbon dioxide (COJ 0.03% 44.01 
Neon (Ne) 18 ppm 20.12 
Helium (He) 5 ppm 4.00 
Krypton (Kr) 1 ppm 83.80 
Hydrogen (HJ 0.5 ppm 2.02 
Ozone (Oj) 0 - 1 2 ppm 48.00 
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Figure 2.4. Number densities of various gasses in the upper atmosphere (from Whitten 
and Poppoff, 1965). 

called the heterosphere. Figure 2.4 shows the number densities of the most abundant gases 
in the region between 50 and 160 km. The relative contents of the major constituents of the 
atmosphere below 100 km are listed in table 2.1. Nitrogen and oxygen make up 99% (by 
volume) of the atmosphere, but some minor constituents play also an important role in the 
production and destruction of ionization. One of these is water vapour whose relative 
number density in the D region of the ionosphere (i.e. the altitude range between 50 and 90 
km) is only a few parts per million (ppm). Nevertheless, the air at the mesopausc is 
frequently strongly supersaturated. In regions of extremely low temperatures in the summer 
mesopause saturation ratios between 10 and 100 have been found (Kopp et al., 1985b). The 
water vapour is important in the ion-chemical reactions in the lower D region, where the 
majority of the positive ions is hydrated. 

2.2 The ionized atmosphere at auroral latitudes. 

Although the electron density of the atmosphere below 100 km usually amounts to less 
than 10*7 parts of the concentration of the neutral gases, the ionized component introduces 
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various important phenomena to the atmosphere. The discussion on the ionized atmosphere 
will concentrate on two groups of processes: 

a) The ionizing mechanisms. 
b) The reaction of free electrons with ions and neutral 

molecules. 

Only the lowest part of the ionosphere (the D region and the lower £ region) will be 
considered. 

2.1.1. Ionizing mechanisms. 

The gases of the atmosphere may be ionized either by collisions with energetic charged 
particles precipitating in the atmosphere, or by capturing a quantum of electromagnetic 
radiation whose energy exceeds the ionization potential of the gas species. Ionization 
potenlials (and the equivalent wavelengths) of various atomic or molecular gases are listed 
in table 2.2. It is obvious that only radiation of wavelength less than X^^ can produce 
ionization. This confines the part of the solar electromagnetic spectrum, capable of ionizing 
the atmospheric gases, to the X-ray (0.1 - 17 nm) and the extreme ultraviolet (EUV, 17 -
175 nm) regions. 

Table 2.2, 

Ionization potentials and equivalent wavelengths for gaseous species (from 
Hargreaves, 1979). 

Constituent I(eV) > w (nm) 

NO 9.25 134.0 

o2 
10.08 102.7 

H,0 12.60 98.5 

o> 12.80 97.0 
H 13.59 91.2 
0 13.61 91.1 
C0 2 13.79 89.9 
N 14.54 85.3 
H, 15.41 80.4 

N, 15.58 79.6 
Al 15.75 78.7 
Ne 21.56 57.5 
He 24.58 50.4 
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The ionizing mechanisms acting on the D region are: 

a) Bard X-rays with wavelengths shorter than 1 nm. 

These emissions, generated in the solar chromosphere and corona, ionize all 
atmospheric constituents. Thereby» the X-rays act mainly on N3 and 0 3 which are the most 
abundant gases of the lower ionosphere (see figure 2.4). The intensity of the X-rays varies 
much during the solar cycle, being greatest at solar maximum, and the X-ray spectrum 
becomes harder with increasing sunspot number. The hard X-rays are most heavily 
absorbed in the upper D region. 

b) Series of windows in the wavelength range 110 - 134 nm. 

The most important ionizing agent in this group is the Lyman-a (Ly-a) line of the 
solar spectrum (121.5 ran). The Ly-a line ionizes NO (see table 2.2) which is a minor 

constituent of the 
atmosphere. The two 
NO density profiles 
shown in figure 2.4 
disagree by a faclor of 
100 or more in the 
height range 80 to 110 
km. The height 
variation of NO as 
measured in several 
rocket flights at various 
geomagnetic conditions 
is shown in figure 2.5. 
These measurements 
show clearly that there 
will be difficulties in 
calculating the ion pair 
production profile due 
to solar radiation, even 
though the solar 
spectrum at a given 

time was perfectly known. In the absence of particle precipitation, the Ly-a ionization 
dominates in the lower D region during daytime. Figures 2.6 and 2.7 show the calculated 
ion production (due to solar radiation) versus height for sunspot minimum and sunspot 
maximum conditions. Note that the importance of X-rays increases markedly in going from 
sunspot minimum to sunspot maximum conditions. The UV spectrum between 102.7 and 
111.8 nm ionizes exited oxygen molecules in the Oa(lAg) state, but this source is 
considerably less important than the Ly-a radiation. 
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Figure 2.5. Number densities of NO, inferred from rocket 
measurements of positive ion composition (from Grossmann et 
al., 1985). 
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Figure 2.6. Ion production versus height due to solar radiation for sunspot minimum 
conditions and solar zenith angle x = 50°. Broken Jines show X-ray contribution, full 
lines UV ionization (from Thrane, 1.972). 

c) Cosmic rays. 

Cosmic rays ionize all the atmospheric constituents. At solar minima galactic cosmic 
rays may be the dominant source of ionization at altitudes below 75 km. At solar maximum 
the cosmic radiation is weaker than at solar minimum by a factor of approximately 0.5. The 
change in the cosmic radiation intensity is ascribed to the stronger solar magnetic field at 
solar maximum, which partially deviates the cosmic rays away from the neighbourhood of 
the eaitb. 

d) Energetic electrons and ions. 

The energetic charged particles, associated with the aurora, make a very important but 
sporadic contribution to the ionization of the D and E regions at high Jatitudes. The 
penetration depth of these particles depends strongly on the kinetic energy (see figure 2.8), 
only electrons and protons witti energy exceeding 30 keV and 1 MeV, respectively, can 
penetrate to altitudes below 90 km. 
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Figure 2.7. Same as figure 2.6, but for sunspot maximum conditions (from Thrane, 
1972). 

During the events discussed 

in later chapters, energetic 

electrons were the dominating 

ionization agents in the lower 

ionosphere. The ionization by 

energetic electrons will be 

treated in more details in chapter 

6. 

The D region is not much 

affected by X-rays and EUV 

radiation in the wavelength 

range 1 - 110 nm. Radiation 

with wavelength 20 - 90 nm 

contributes mainly to ionization 

IOOMW in the Fl region, and the more 

penetrating parts of the spectrum 

(1 - 10 nm and 9 0 - 1 1 0 nm) 

are heavily absorbed in the E 

region. 
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Figure 2.8. Penetration depth of vertically incident 
energetic electrons and protons in the earths atmosphere 
(from Mæhlum, 1973). 
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222 Ion chemistry of the D region. 

la this section a short introduction to the photochemistry of the D region wil] be given. 
A fairly comprehensive review of the ionospheric photochemistry is given by Torr (1985). 

Molecular nitrogen and oxygen, N 2 and 0 3 , are the most abundant species of the lower 
ionosphere (see figure 2.4 and table 2.1). Thus, the primary ions produced by 
electromagnetic and corpuscular radiation must be N2* and 02\ in addition to NO* produced 
by the Ly-ct emission line. By a charge exchange reaction the N2* ions are rapidly 
converted to 0 2 * (see e.g. Thrane, 1972): 

N2* 4 0 3 -* N ; + 0 / (2.1) 

leaving 0 / and NO* as the major positive ions. Below 85 km the situation is not as simple 
as might be expected at first glance. Ion mass spectrometer experiments, carried out with 
rocket borne instruments in the lower ionosphere, show that a transition from 0 2 * and NO 4 

to water cluster ions at an altitude of 80 - 85 km is a general feature of the D region at all 

10° 101 10 ? 10 3 IO* 10 s 106 

DENSITY (cm - 3 ) 
Figure 2.9 a. Positive ion density during geomagnetically disturbed conditions in winter. 
The hydrated ion density is shown separately in figure 2.9 b (from Kopp et ah, 1985a). 
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F igure 2.9 b. Hydratcd ion composition in (he D region, 
same f l ight as in f ig . 2.9 a ( f rom Kopp et al., 1985a). 
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latitudes and under all 

g e o p h y s i c a l c o n d i t i o n s 

(Thomas, 1974). The resulls 

f rom two rocket f l ights arc 

shown in f igure 2.9 and 

2.10. On figure 2.9 a and b 

the positive ion densities 

versus altitude are plotted 

for a rocket f l ight from 

Kiruna on November 16, 

1980, d u r i n g d is tu rbed 

conditions at nightt ime. In 

the upper D region down 1o 

about 80 km all i lude, N O ' 

and O j ' are the dominating ions, but below 75 km H* (H 2 0) j is the most abundant positive 

ion. In addition, H*(HjO),, H ' ( H ; 0 ) , and H*H,0 were observed in the height range 65 - 85 

km. The results f rom a summer f l ight from Kiruna (figure 2.10) show many o f the same 

features. H * ( H J O ) J ions were dominating up to 75 km and H*(H,0)« was the most abundani 

ion between 75 and 85 km. 

Between 85 and 94 km 0 / 

dominates and the NO* 

d e n s i t y a lso increases 

rapidly. Above 100 km the 

NO* concentrations were 

exceeding those of O / by a 

factor of about 10. The 

measured density profiles of 

cluster ions of the types 

O / X and N O W arc not 

shown in f igure 2.10. A 

common feature o f both the 

s u m m e r a n d w i n t e r 

measurements is a layer of 

metall ic ions ( N a \ M g \ A l * 

and Fe*) w i th a maximum 

around 90 km altitude. 

These ions, which are 

believed to be of meteoric 

or igin, have very low 

recombination rates and are 

r e s p o n s i b l e f o r t h e 

occasional formation of thin 

(1 - 3 km) layers of 

ION DENS!TIES I C n - 3 ) 

Figure 2.10. Positive ion composition profile in a combined 
auroral and nocli lucenl cloud event, measured during the 
C A M P campaign in August 1982. ( from Kopp et al. , |985c). 
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enhanced plasma densities, known as sporadic E layers (see e.g. Huuskønen et al., 19SS). 

The formation of die hydrated cluster ions includes a fairly complicated set of chemical 

reactions as indicated in figure 2.11, which shows a schematic diagram of the most 

important reactions in a steady state mode] of the positive ion composition of the 

mesosphere. The predictions of such models should be treated with care, since many of the 

reaction rates are yet poorly known, particularly at the low temperatures of the summer 

mesopanse region. 

The hydrated cluster ions are thought to have great influence on the loss rates of 

electrons, and thereby on the electron density, in the D layer for the reason that these ions 

react more readily with free electrons than do the NO* and 0 / ions. 

Another feature that further complicates the loss processes in the lowest parts of the 

ionosphere is the presence of negative ions. The negative ions are formed by three body 

reactions of the form 

e + Oz + M -f 0 / + M (2.2) 

Figure 2,11. Schematic diagram of the reactions leading to the formation of hydrated 
ions in the mesosphcrc (from Reid, 1989). 
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where e denotes an electron and M may be any other molecule. The role of the molecule M 
is to remove excess kinetic energy from the particles involved in the reaction. Figure 2.12 
shows an example of negative ion densities measured in a rocket flight from Andøya. Ions 
formed in reactions with oxygen, such as CO,", HCOj" etc. are present between 70 and 85 
km, and some less expected ions like for instance G~ were also found in large 
concentrations. Similar results were reported by Arnold et al. (1982). The effect of negative 
ions on the electron density will be mentioned in the next section. 

In the E and F regions the ion composition is much simpler than in the D region. The 
dominating ions of the E region are 0 / and NO* and in the upper parts of this layer also 
O* becomes significant. In the F region O* is the chief ion above 170 km altitude. Above 
600 km the relative density of the lighter neutral gases is a great deal higher than in the 
lower regions, and light ions (hydrogen and helium) become important. 

I I I I l l l l | 1 I I I l l l l | 1 I I I l l l l | 1 I I I H i l l 

NEGATIVE IONS 
F 22 UPLEG AND 
DOWNLEG 

23 MARCH 1970 2358 LT 
ANDGYA. NORWAY 

t i l l m i l i i i i m i l i i i i m i l I 

1 10 10 2 1 0 3 

DENSITY-IONS/cm 3 

Figure 2.12. Negative ion densities obtained during disturbed conditions at night (from 
Krankowsky et al., 1972). 
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2*23 Recombination and the electron continuity equation. 

The mechanisms for loss of ionization which are of importance in the D region include: 

a) Ion - ion neutralization: 

X* 4 V - • X + Y (2.3) 

b) Electron - ion recombination: 

Dissociative: XY* + e — X* + Y* (2.4) 
Three body: X ' + e + M - ^ X + M (2.5) 

The symbols X, Y and M may denote either an atom or a molecule. The asterisks indicate 
that the atom or molecule may be left in exited states. 

The ion - ion neutralization process (2.3) is quite important because of the high density 
of negative ions in the D region, and thus indirectly, via the three body reartion (2.2) is one 
of the major sinks of free electrons in the lower ionosphere. At higher altitudes this process 
becomes insignificant because of low negative ion densities. 

The dissociative recombination (2.4) is the principal loss mechanism in the E layer and 
of great influence in the D layer. Since a large proportion of the ions in the D region is 
molecular, dissociative recombination does not need any preceding reactions involving the 
formation of molecular ions; 

X' + YZ - * XY* + Z (2.6) 

as is the case in the E and F regions. 
The three body reaction (2.5) requires high neutral panicle densities if the process is to 

be of importance. This requirement is only fulfilled in the lower part of the D region, thus 
making this reaction insignificant at higher altitudes. 

The electron continuity equation. 

Consider a volume element which is fixed in space and through which dements of 
partially ionized gas travels with average velocity v. Let N denote the instantaneous 
electron density or (positive or negative) ion density in the volume. Assume that ionization 
may be produced and destroyed within the volume. The equation of continuity of N can 
then be written as (see e.g. Risbeth and Garriott, 1969): 

aH/dt = 0 - L - V-(Nv) (2.7) 

where Q denotes gain by production, L loss by destruction and V-(Nv) change in density 
due to transport. In the ionosphere below 200 km transport processes are of little 
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importance and the continuity equation can be expressed: 

dN/dt = Q - L (2.8) 

The dominating loss processes for the positive ions are ion - ion neutralization (equation 
2.3) with a rate coefficient Oj, and electron - ion recombination (equation 2.4) with a 
recombination coefficient a e . Using the symbols N e, N* and N" to represent the electron 
density, positive ion density and negative ion density, respectively, we can write the 
continuity equation for the positive ions as: 

dNVdt = Q - a eN*N e - a ^ ' N ' (2.9) 

The electrical neutrality of the ionosphere requires that 

N* = N e + N" = (1+X)-Ne (2.10) 

in which X = N7N e is the negative ion/electron density ratio. Substituting (2.10) into (2.9) 
we obtain the continuity equation for the electrons: 

dUJdt = Q/(l+X) - (a , - Voi)-N e

a (2.11) 

Equilibrium is reached when the production and loss processes balance, i.e. when 
dN/dl = 0, and the continuity equation takes the simple form 

N, = JQta,„ (2.12 a) 

where the effective electron loss coefficient a e [ f is defined by: 

a ^ a + X X a ^ X a i ) (2.13) 

The terms in equation 2.12 are all functions of the altitude h. The effective electron loss (or 
recombination) coefficient aea is a function of X, a e and cq, which are known to vary with 
the altitude in the D region. Furthermore, a e H may be a function of other parameters that 
can influence on X, a e and a,, such as the neutral gas composition, temperature, ion pair 
production rate etc. In later sections of this study we will concentrate on the altitude 
dependence of a e f l , and consequently write the continuity equation on the form: 

N e(h) = Vq(h)/a e S(h) (2.12 b) 

Altitude profiles of a e f l have previously been determined by various methods and for 
different geophysical conditions. The recombination profiles reported in the literature show 
large discrepancies; at 60 km altitude ata ranges between 10' s and 10" ! em's ' 1 and at 90 km 
the majority of the reported values lies between 10'* and 10"* em's"' (Gledhill, 1986). Some 
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of the experimental methods used to evaluate the electron recombination rates in the lower 
ionosphere will be discussed in chapter 3, with a special emphasis on methods which apply 
at high latitudes where ionizalion due to particle precipitation is prominent. 
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DERIVATION OF THE EFFECTIVE RECOMBINATION 
COEFFICIENT BY VARIOUS METHODS. 

The experimental values of the effective recombination coefficient a e f f at a given 
altitude may sometimes cover three decades or more, as mentioned in the previous chapter. 
In many cases can this discordance presumably be explained by varying conditions in the 
ionosphere; the chemical composition and the temperature may for instance change from 
time to time. Another main source of discrepancy are uncertainties in the calculations of the 
production term q(h) in the steady state continuity equation N c = Vq/a e f f. The electron 
density N e(h) can be determined with a reasonable accuracy by a number of techniques and 
is seldnm the major source of error. The lack of coherence in the altitude profiles of a e a 

arises undoubtedly in part from the different techniques used to obtain the parameters from 
which a e B is calculated. 

In this chapter examples on some of the experimental methods previously used to 
determine ct e B(h) are briefly treated. The results from some of these experiments will be 
discussed in chapter 9. 

Montbriand and Belrose (1979) made a study of the steady state loss coefficient 
a e f l = q/N e

J during quiet periods, for solar zenith angles less than 68°. The electron density 
profiles were obtained by means of a partial reflection experiment (PRE) at Ottawa, Canada 
(L = 3.7), and the ion pair production was assumed to originate from solar electromagnetic 
radiation, cosmic rays and precipitating energetic electrons. The ionization due to the 
precipitating electrons was calculated on the basis of satellite measurements of electron 
fluxes and was supposed to make an invariant contribution to q(h). The contribution due to 
cosmic rays was based on the results from earlier balloon experiments. The production from 
solar radiation was partially based on satellite measurements of X-ray fluxes in the 
wavelength range 0.05 - 0.8 nm. The rest of the solar radiation spectrum was estimated, 
using results found in the literature as input. The Ly-o line was the largest source of 
ionization during daytime. As mentioned in chapter 2, the Ly-o ionizes NO, but there is a 
pronounced scatter in the NO density profiles presented in the literature (see e.g. figures 2.4 
and 2.5) and this uncertainty may produce marked errors in the aen profiles. This is one 
example of an uncertainty in the concentration of a minor constituent of the atmosphere, 
that greatly influences the "quality" of a model of the ionosphere. In addition, imperfect 
knowledge of Ihe solar UV fluxes is another source of error in experiments based on the 
method described above. 

A method that at first glance might seem to be attractive is to measure the rate of 
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change of electron density during solar eclipse events, assuming that the ion pair production 
drops to zero at total eclipse. Belrose et al. (1972) and Mechtly ct al. (1972) measured the 
electron density profiles during the solar eclipse event of March 7, 1970. Mechtly et al. 
used data from rocket borne Langmuir probes, and Belrose et al. measured the electron 
density by radio wave experiments (differential absorption) and also by Langmuir probes. 
Bach group launched four rockets, from two rocket ranges in USA and Canada, in order to 
estimate the rate of change of thti electron density during the event. The results from the 
two groups were in general agreement Even though the solar eclipse method is in principle 
relatively simple, there are drawbacks that reduce the value of the results. The flux of 
ionizing radiation is not proportional to the unobscured part of the solar disc, because a part 
of the radiation comes from the solar corona. Consequently, the assumption that the ion pair 
production drops to zero at total eclipse is in fact not valid. 

Energetic particles, precipitating in the atmosphere, make an important contribution to 
the ion production at higher latitudes and can be the dominating ionizing agent during 
auroral events and polar cap absorption (PCA) events. There exists a number of methods to 
evaluate the loss coefficient a e f f under such conditions. A technique frequently used is lo 
launch rockets equipped with detectors for measurements of the particle fluxes, and 
simultaneously measuring the electron density profile N e(h) by radio wave experiments 
(Faraday rotation or differential absorption techniques). Theoretical models are used to 
calculate the ion pair production rate q as a function of altitude, with the measured 
energetic particle fluxes as input data. A detailed description of this approach is given by 
Folkestad (1970) for auroral events and by Larsen et al. (1972) for PCA events. 

Reagan and Watt (1976) studied the effective loss coefficient during some intense PCA 
events. The particle fluxes (of electrons, protons and alpha particles) were measured by 
particle spectrometers on board a polar orbiting satellite at an altitude of 800 km. The 
electron density profiles were measured down to altitudes as low as 50 km by the 
incoherent scatter radar at Chatanika. Simultaneous radar and satellite data were obtained 
when the radar was in the polar cap region (i.e. well within the polar plateau of the particle 
fluxes), and when the satellite crossed the invariant latitude of Chatanika at 800 km 
altitude. The longitudinal separation between the radar and the satellite was not assumed to 
be a very serious source of error, but for the five cases studied most extensively the 
separation was s 19°. The ion pair production was computed from the particle fluxes 
measured on the satellite, in addition to ionization due to solar X-rays and UV radiation 
(X-rays measured by satellites, UV ionization adopted from Thrane (1972)). At the most 
intense periods during the solar particle events the contribution due to X-rays and UV 
radiation was insignificant. 28 sets of coordinated measurements between the radar and the 
satellite were obtained, offering the opportunity to study the behaviour of a e Q over a range 
of solar illu ination conditions. 

Hargreaves et al. (1987) studied a weaker PCA event by similar methods, except that 
the ionization rates were computed from the proton fluxes measured on board a 
geosynchronous satellite. Electron densities in the D region were measured with the 
EISCAT radar. The results were in good agreement with those of Reagan and Watt. 

The derivation of a E f f during auroral events is more difficult than during the PCA 
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events mentioned above, because of the great spatial and fast temporal variability of the 
electron precipitation during auroral events. Penman et al. (1979), Collis et al. (1983) and 
Collis et al. (1984) compared the cosmic noise absorption (CNA) during auroral events, 
observed by a network of riometers in northern Scandinavia, to the expected absorption 
calculated on the basis of simultaneously observed fluxes of precipitating electrons on board 
satellites at magnetically conjugated geosynchronous orbit. Penman et al. constructed two 
"limiting profiles" which bounded the range of a selection of previously published 
recombination profiles, derived from various types of experiments made during auroral 
events. Penman et al. and Collis et al. concluded that by choosing an altitude profile of aeSS 

lying within the range of the "limiting profiles" it was possible to match the observed and 
the calculated absorptions. The weakness of the method lies in the fact that it is not 
sensitive enough to enable the derivation of a unique recombination profile. In a later study, 
Collis et al. (1986) estimated the electron density profile from the partial reflection 
experiment at Ramfjordmoen, Norway, and calculaled the ion pair production rale from 
energetic electron measurements on the GEOS-2 satellite. The recombination coefficient 
could be determined with a height resolution of about 2 km in the height range 73 to 83 km 
for spatially uniform weak to moderate CNA events. 

Baron (1974) used the time history of the electron density at a fixed altitude, measured 
with the Chatanica radar, to obtain estimates of a c f f . If we assume that the ion pair 
, eduction rate is zero every time the electron density decreases, the recombination rate can 
be computed from the equation 

Nfi + AO JV/i)j 
where: 

N ((t) = electron density at time t 
N((t+Al) = electron density at time t+At 
At = time step between successive intervals. 

If the production rate is not zero the compuled values of a e H will be too small, and this 
method will in general give a broad distribution of recombination rates at a fixed altitude. 

A method that in principle should give a reliable profile of aeB during auroral events is 
to measure Ihe electron density by an incoherent scatter radar, and the flux of precipitating 
electrons by a magnetically conjugate satellite. The method requires very close conjugation 
of the radar and the satellite, and this criterion is by no means easily fulfilled. The 
conjugate point of a magnetic field line threading a geosynchronous satellite may vary 
significantly from the position predicted by geomagnetic field models, especially during 
disturbed periods. The geomagnetic conjugate points of satellites in low polar orbits arc 
easier to calculate, but the radar - satellite conjugation intervals are of very short duration 
because of the high velocities of these satellites. Thus, it is practically impossible to 
monitor the electron density in the ionosphere and at the same time measure directly the 

At 
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flux of precipitating electrons over the field of view of the radar, except for very short time 
intervals (a few minutes or less). However, by balloon borne instruments floaiing in the 
stratosphere it is possible to monitor bremsstrahlung X-rays generated by electrons 
precipitating within the field of view of the radar. If the flux and the energy spectrum of 
the precipitating electrons could by some means be inferred from the observed X-rays, the 
ion pair production rate within the field of view of the radar could be calculated rather 
easily. The drifting velocity of balloons in the stratosphere is very small as compared with 
the orbit velocity of a polar satellite, making a balloon - radar coordination period of a few 
hours achievable under normal circumstances. Even longer coordination intervals (a few 
days) are possible two times each year, when the stratospheric winds undergo a seasonal 
reversal between winter westerlies and summer easterlies. In the next chapters we take a 
closer look on a method of deriving a e B (h) from radar measurements of electron density 
and simultaneously observed fluxes of X-rays generated by precipitating electrons. 
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THE GENERATION AND PENETRATION OF X-RAYS IN THE 
ATMOSPHERE. 

Whenever an electric charged particle is accelerated, classical electromagnetic theory 
predicts that electromagnetic radiation will be emitted. If the charged particle, instead of 
being accelerated, is decelerated this statement is still valid, according to the classical 
theory, and energy is radiated as a result of the decrease in the velocity of the particle. This 
is what happens, for example, when a fast electron hits a target. A part of its kinetic energy 
goes off as radiation called bremsstrahlung. For our purposes the atmosphere will be 
considered as the target, and in order to describe quantitatively the relation between 
energetic electrons precipitating in the atmosphere and the bremsstrahlung X-ray fluxes at 
balloon altitudes two mechanisms must be taken into account: 

1) The generation of bremsstrahlung at high altitudes in the atmosphere. 
2) The penetration of the X-rays through the atmosphere, from the generation area 

around 90 km altitude down to floating altitudes of research balloons at about 40 km. 

4.1 The generation of bremsstrahlung. 

As stated above the classical theory of electrodynamics predicts thai electromagnetic 
radiation is always emitted when an electron is deflected by an atomic nucleus. However, 
this is not strictly correct and the true nature of the electron - nucleus interaction must be 
deduced from quantum mechanical theory. According to the classical electromagnetic 
theory a relatively small amount of energy is radiated each time an electron is deflected 
from its straight path. In contrast, in the quantum mechanical model there is a very small, 
but finite, probability that a photon will be emitted in a electron - nucleus collision. In the 
few collisions in which a photon is emitted a relatively large amount of energy is radiated, 
sometimes close to the kinetic energy of the electron. Surprisingly, the average energy 
radiated per collision appears to be almost equal in the two models, but the spectral 
distributions are of course very different. All experimental results are in agreement with the 
quantum mechanical model (Evans, 1955). Because of their great mass fast protons are only 
negligibly deflected as compared with electrons. For this reason we need not to consider 
bremsstrahlung due to precipitating protons. A detailed treatment of the generation of 
bremsstrahlung in the atmosphere is beyond the scope of this thesis, but the most important 
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Tcsults will be sketched below, following the thick target approximation as described by 

Evans (1955). 

The average bremsstrahlung energy radiated by an electron of kinetic energy E^ in an 

element path length ds is 

y ^ J n i ds (dE l/ds) i 0 0 +(dE k/ds)m, ^ 

where (dEJds)^ is the energy loss per unit path length, due to ionization. The average 

energy I radiated by an electron of initial energy EQ when it is stopped in a thick absorber 

f (dE,/ds)„d 

I = Ræ-Xi = , . F , . , • , - . , , , dE t (4.2) 
J (dE^ds^+fdE^ds),,,, 

For electrons of moderate energy the ionization loss will predominate the loss due to 

radiation and equation 4.2 can be reduced to 

hdrydsu 
J (dE^ds),» " 

In order to obtain information about the spectral distribution of the bremsstrahlung, the 

radiation loss term (dEj/ds)^ has been evaluated theoretically and semi-empirical values of 

the ionization term (dE^/ds)^ have be°.n determined. The radiative term can be written as 

(diydsU = N.-CVnv'K,,. (4-4) 

where N, is the number density of atoms in the absorber and o ^ is the total 

bremsstrahlung cross section, which in the nonrelativislic case is given by 

°«d = ^ T T — T Z ' I c m l P " n u c l e u s l <4"5> 
2J.1 I mtc} 
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The spectral distribution of the emitted X-rays is obtained by integrating equation 4.1 and 
the result can be written on the form 

dl = k,-Z'(vm„ - v)-dv (4.6) 

where Z is the atomic number of the absorber, v ^ is the frequency corresponding to the 
kinetic energy of the incoming electron and k, is a constant 1o be determined. For our 
purposes it is more convenient to use the energy E^ of the emitted photon instead of the 
frequency v. The bremsstrahlung energy emitted in the energy range (E^Ej+dE,) can ihc be 
expressed as 

dl = k^Z-CEo - E.) d E X (4.7) 

where E^ is the kinetic energy of the incident electron and h is Planck's constant (h = 
6.63-10"M is). The results from experiments are in good agreement with equation 4.7. 
The number of photons emitted in the energy range (E^E^+dEJ by a single electron of 
kinetic energy Eo is thus given by 

dN/dEx = E / 1 dl/dE, = k . - h - ^ - E J / E , 

= k^Z-CEa-E^J/E, (4.8) 

where k2 = 1.4 ± 0.4-10"6 kcV"' (Brown, 1966). The effective atomic number of air is 
approximately 7.2. According to equation 4.8, 25,000 monocnergetic electrons of energy EQ 
= 100 kcV arc needed on the average to generate one photon with energy E, between 20 
and 21 keV, while 100,000 electrons arc required to emit one photon in the energy range 
50 to 51 keV, and only one out of 1000,000 electrons emits a photon with energy between 
90 and 91 keV. 

In order to find the total bremsstrahlung energy 1, in keV, emitted on the average per 
incident electron, integration of equation 4.7 gives 

1 = kj-Z-Eo1 (4.9) 

where ks - 0.7-10"* keV"1. An electron with initial kinetic energy 100 keV looses on the 
average only 0.05 keV by emitting radiation, the rest of the energy is mainly lost by 
ionization of the atmospheric constituents. 



34 

4.2 The penetration of X-rays into the atmosphere. 

X-ray photons loose energy or are absorbed in matter by one of the three mechanisms: 

1) Photoelectric absorption. 
2) Compton scattering. 
3) Pair production of electrons and positrons. 

Process (3) is only possible at very high photon energies (above 1.02 MeV) and is of no 
importance in the following discussion, as only an insignificant part of the precipitating 
electrons has energy exceeding 1 MeV. The photoelectric absorption drops off rapidly as 
the photon energy increases; the photoelectric absorption coefficient n p decreases 
approximately as E x " " in air. For photons of energy 20 keV, JL = 0.5 cm'g"1 and 
bremsstrahlung photons with energies lower than 20 keV are almost completely absorbed 
before they reach down to balloon altitudes. The Compton scattering coefficient \ic does not 
show dramatic variations in the energy range of auroral X-rays. At 20 keV \xc = 0.175 
cin2g"' and a) 150 JceV JJC = 0.105 cm ag - 1 (Brown, 1966). Thus, at energies above 30 keV 
the photon energy loss is mainly due to Compton scattering. 

In the earliest years of auroral X-ray measurements, several attempts were made to 
"extrapolate" measured X-ray spectra to the top of the atmosphere, i.e. to the production 
region (see e.g. Brown, 1966 and references therein). Anderson and Enemark (1960) 
assumed that the X-ray spectra at atmospheric depths between 3 and 8 g cm"2 were mainly 
distorted by photoelectric absorption and that Compton scattering would not change the 
shape of the spectra appreciably. Barcus and Rosenberg (1966) took into account the 
photoelectric absorption, and considered the Compton scattering as a pure absorption 
process, neglecting the contribution from Compton degraded photons. The conclusions of 
Anderson & Enemark and Barcus & Rosenberg were that the X-ray energy spectrum would 
flatten on penetrating the atmosphere, i.e. that the spectrum at balloon altitudes is harder 
than the spectrum at the top of the atmosphere. 

Pilkington and Anger (1971) examined the penetration of X-rays into the atmosphere 
by means of a Monte Carlo calculation. They assumed that an exponential source spectrum 
of X-rays was injected at an altitude of 90 km. They followed the penetration of these X -
rays into the atmosphere, taking into account photoelectric absorption as well as multiple 
Compton and coherent scattering, the last process resulting in scattering without energy 
degradation. In contrast to the conclusions of Anderson & Enemark and Barcus & 
Rosenberg, Pilkington and Anger found that the exponential type X-ray spectra steepen on 
penetrating the atmosphere, i.e. the spectrum at balloon altitudes is softer than the 
production spectrum. The explanation of these different results is, that in the earlier studies, 
the accumulation of Compton scattered photons at the low energy end of the spectrum (at 
balloon altitudes) was neglected. According to the calculations of Pilkington and Anger the 
ratio of scattered to direct X-ray fluxes in the energy range 50 to ISO keV varies from a 
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faclor of 5 at atmospheric depth of 5 g cm"3, to a factor of 70 at 20 g cm' 1 for the spectra 
considered. The spectra measured by an omnidirectional detector were found to be almost 
independent of the source geometry. Collimated detectors are more sensitive to the source 
size, presenting a distorted spectrum when the sources are larger than the detector field of 
view, and when the sources are outside the direct field of view of the detector. The 
relationship between the primary electron flux and the bremsstrahiung fluxes was not 
considered by Pilkinglon and Anger. 

Berger and Seltzer (1971) calculated the bremsstrahiung emitted by energetic electrons, 
precipitating spatially uniformly in the atmosphere, and computed the transport of this 
bremsstrahiung down to atmospheric depths of 3 - 10 g cm' 2. The transport of electrons 
and photons was calculated according to a Monte Carlo model which combined the 
calculation of multiple elastic and inelastic scattering of electrons, the production of 
bremsstrahiung in Coulomb interactions, and the multiple Compton scattering and 
photoelectric absorption of the brcmsstrahlung photons. The parameters needed to describe 
the various interactions between electrons and the atmospheric constituents, and between the 
bremsstrahiung photons and the atmosphere, were adopted from the works of several 
authors, reported in the literature. The calculations were carried out without serious 
simplifications or approximations. The results of the model consisted of normalized 
bremsstrahiung spectra, for incident monocncrgctic electrons with energies EQ = 20, 50, 100, 
200, 500, 1000 and 2000 keV, and for three atmospheric depth intervals. Later, Seltzer ct 
al. (1973) presented additional results for 13 atmospheric depths, between 3 and 15 g cm"2, 
including only the flux of photons moving downwards. The set of results, given for incident 
monocncrgclic electron beams, can be used to compute expected bremsstrahiung spectra at 
the most common balloon altitudes, due to precipitating electrons with any energy spectrum 
of interest. In the next chapter a method for generating brcmsstrahlung spectra, based on the 
results of Seltzer et al. will be described in more details. 
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CHAPTER 5 

BREMSSTRAHLUNG AT BALLOON ALTITUDES 

In this section a computer code which calculates the bremsstrahlung fluxes at balloon 
altitudes is described. The code is based on the results of Berger and Seltzer (1971) and 
Seltzer et al. (1973), for spatially uniform precipitation of electrons with angular 
distribution isotropic over the downward hemisphere. The intensities of electron beams in 
the energy range 30 - 1000 keV are used as input parameters, the output is given as the X -
ray intensities in five energy bins, covering the energy range 25 - 200 keV. The output 
energy bins correspond to the energy channels of the X-ray spectrometers flown on the 
CEBO balloons. 

The bremsslrahlung spectrum of downward directed photons is represented by the 
quantity ^ O ^ z / U (d for downward). The dimension of this quantity is cm'V'keV" 1 and it 
can be interpreted as the number of photons per unit spectral energy around X-ray energy k 
(in fceV), that per unit time cross a small spherical probe at atmospheric depth z (in g cm"2), 
when monoenergetic electrons of energy T 0 are precipitating uniformly over a wide area in 
the atmosphere. Seltzer et al. tabulated the values of ^(k^To)/.!* i.e. the bremsstrahlung 
spectra normalized to unit incident electron current. The dimension of ^\k,z,T0)l}0 is keV"1. 
The X-ray spectra are tabulated for the electron energies T 0 = 30, 50, 100, 200, 500, 1000 
and 2000 keV, and for X-ray spectral energies k = 20, 30, 40, 50, 60, 80, 100, 150, 200, 
300, 400, 500, 600, 800, 1000 and 1500 keV (with k < T 0) and for 13 atmospheric depths z 
from 3 to 15 g cm"2, spaced 1 g cm"1 apart. An example of the tabulated bremsstrahlung 
spectra is given in table J . l r for atmospheric depth 4 g cm"2- Berger and Seltzer found it 
possible to interpolate accurately in the tables to obtain bremsstrahlung spectra for any 
intermediate electron energy between 30 and 2000 kcV. Thus, the downward directed 
bremsstrahlung flux spectrum 0d(k,z) produced by electrons with energy spectrum S(T0) can 
be synthesized from the tabulated data base, simply by evaluating the integral 

4><(k,z) = / S C W U z , T 0 ) dT 0 (5.1) 

Figure 5.1 shows examples of calculated normalized bremsstrahlung flux spectra produced 
by electrons with exponential spectra. 

We will now describe a computer program in which the results of Seltzer et al. are used 
ro calculate the estimated X-ray fluxes at the floating altitudes of the CEBO balloons, when 
electrons with a trial energy spectrum S(T„) are precipitating in the atmosphere. In order to 
make our program more practical in use, discrete electron energies TD were used instead of 
the continuous spectrum S(T0). In the final version of the program, 37 electron energies 
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^(kATJ/ j , , , keV"', for atmospheric depth z = 4.0 g cm"!. Electron energies T 0 and 
photon energies k are in keV. From Seltzer et al., 1973. 

30 

7.210"' 

k 
= 2000 1000 500 200 100 50 

20 6.8-10"' 3.110-' 1.310"' 4.010-" 1.5-10"' 4.5-10'' 
30 4.510- 1.9-10-* 7.4-10"' 1.910"' 6.s-io-' 1.210' 
40 7.510- 2.910- 1.110- 2.610-' 7.0-10' 6.0-10"' 
50 7.410- 2.810- 9.810-' 2.010"' 4.610-' 
60 6.310- 2.410- 7.810"' 1.410"' 2.7-10"' 
80 4.610- 1.610- 4.9-10"' 7.610"' 6.310-' 
100 3.4-10- 1.110- 3.2-10"' 4.0-10"' 
150 1.8-10- 5.7-10"' 1.4-10-' 8.810-' 
200 1.1-10- 3.3-10-' 6.610' 
300 5.6-10"' 1.4-10-' 1.910"' 
400 3.410-' 6.610' 4.610"' 
500 2.210"' 3.210"' 
600 1.510' I.710"5 

800 7.810"6 4.1-10"' 
1000 4.210-* 

between 30 and 1000 keV were used. The successive electron energy steps T n were spaced 
5 keV apart in the low energy end of the spectrum with the spacing between the energy 
steps increasing to 50 - 100 keV in the high energy end. A criterion always fulfilled for the 
spacing between the energy steps is that TBli s 1.2 T„. The effect of concentrating the 
electron spectrum into monocncrgctic beams does not affect the resultant bremsstrahlung 
spectrum notably, as the X-ray spectrum produced by a monoenergetic electron beam of 
energy T D is smeared over the whole energy range 0 < k < TD. The validity of this 
statement is examined in appendix A. 

In the following discussion we write the tabulated, normalized spectral values of Seltzer 
et al., al a given atmospheric depth z, on the more compact form 

where the index i refers to one of the X-ray energies k = 20, 30, 40, 50, 60, 80, 100, 150 
or 200 keV, and the index j refers to one of the electron energies T = 30, 50, 100, 200, 500 
or 1000 keV. The normalized X-ray flux at energy kj, due to an electron of energy T n , such 
that T: < T D < T: t l , may be obtained by interpolating between ^ and <|>(jtl , according lo 
the expression1 

1 We have compared (he results obtained by equations 5.2 and 5.3 with by the results obtained by 
cubic spline interpolation. Equation 5.2 gives slightly higher values than cubic spline interpellation. 
A minute difference between values calculated according to equation 5.3 and the cubic splines was 
found for 25 keV photons and no difference for photons with energies exceeding 30 kcV. 
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0 50 100 150 200 250 300 
k. keV 

Figure 5.1. Differential bremsstrahlung flux spectra at an atmospheric depth of 
4.0 g cm"2, due to electrons with exponential energy spectra, a is ihe e-folding energy 
(from Seltzer et al., 1973). 

log • „ = log ^ + '°gVt -'°8».j. ^ T . , o g T ) 
l o g T j . i " 1°8 Tj 

(5.2) 

Additional values for an intermediate X-ray energy k,,,, with k> < k^ < k,,j, are given by 

log <|)mJ, = log •„, + '°g t .u - '°g fr, 
log k,„ - log k, • (log k„ - log kj) (5.3) 

In this way a new, more suitable table of normalized spectra) values can be constructed by 
simple operations. However, the new table obtained merely by interpolation is not quite 
satisfactory because the high energy end of the spectrum is missing for some of the electron 
energies. For example, electrons with energy 180 keV may generate some photons which at 
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balloon altitudes have energy 100 keV (cf. section 4.1), bul the spectral value 

ød(100 keV, z, 180 keV)/j0 can not be found by interpolating the tabulated values of Seltzer 

et al. This drawback will reduce the value of our computer code if no attempts are made to 

infer the "missing values" in some way. Inspection of the X-ray spectral values 

^(k.z.TcVJo at z = 4.0 g cm"2 for electron energies T 0 % 100 keV shows that for k = 0.5 T 0 

the normalized bremsstrahlung flux is almost a constant for all TQ, or 

4>d(0.5T0,4.0 g cm-2,T0)/j0 - 4-10^ k e V . 

At k = 0.8 T 0 the flux values fall within the range 4.1-10"' to 6.3-10"' keV"\ Similar rules 

appear to be valid at other atmospheric depths, but with different numerical values of $ d. 

.Ap t -"ming that these rules are also valid for other electron energies in the range 100 to 1000 

kiV. J fairly complete table of normalized X-ray fluxes may be obtained. The new table, 

used in later parts of this study, contains flux values for 37 electron energies T n in the 

energy range 30 to 1000 keV, and 12 X-ray energies k ^ with k^ = 25, 30, 40, 50, 60, 75, 

85, 100, 125, 150, 175 and 200 keV. 

When (he new table has been completed, the intensities of the incident electron beams 

^(Tp) of an assumed electron spectrum arc introduced into the code. The X-ray spectrum 

due to the n-th beam, with intensity JJJJ, is evaluated and the resulting X-ray count rate 

R(m,m+l,n) in the (X-ray) energy range (k^k^, , ) due to the n-th electron beam is almost 

equal to: 

R(m,m + l ,n) = v ^ <t>m4l>D -(k^, - k J I n ( T n ) (5.4) 

when the spacing between the X-ray energy steps k^ and k ^ , is not too large. In the final 

version of the code the spacing was such that k ^ i < 1.34 k^. The total X-ray count rate 

R'(m,m+1) in the energy range ^ . k ^ j ) is given by 

37 

R'(m,m+1) = X R(m,m+l,n) (5.5) 
n=i 

and the final count rales in the energy bins corresponding to the energy channels of the X-

ray spectrometers arc: 

3 

2 5 - 5 0 keV: Rl = 2 R'(m,m+1) (5.6a) 
nwi 

s 

50 - 75 keV: R2 = 2 R'(m,m+1) (5.6b) 
m=4 
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75 - 100 keV: R3 = X R'(m,m+1) (5.6c) 
m*6 

9 
100 - 150 keV: R4 = 2 R'(m,m+1) (5.6d) 

m=8 

n 
150 - 200 keV: R5=X R'(mrm+1) (5.6e) 

m=io 

The calculated X-ray intensities Rl to R5 may then be compared with the 
experimental count rates in the respective energy channels, and the computation 
process repeated with other energy spectra I,(TJ until satisfactory agreement with the 
experimental data is achieved. 

Seltzer et al. calculated also the integral bremsstrahlung flux spectra 

ld(k,z) = JS SCT0)V(k,z,T0) dT0 dk (5.7) 
k k 

at 13 atmospheric depths, due lo spectra of incident electrons with exponential distribution 
on Ihe form 

S(T„) = F'-expt-TVEo) (5.8) 

where Eg is the e-folding energy. The integral bremsstrahlung flux was evaluated for 
several e-folding energies in the range 5 - 200 keV. The integral spectra divided by the 
incident electron current j ; Id(k,z)/j, for an atmospheric depth of 4.0 g cm"2 are shown in 
figure 5.2. The integral spectra shown by Seltzer et al. can be used to examine the 
reliability of our computer code, i.e. wether the relatively few values of ^(k,z,T0) reported 
by Seltzer et al. are sufficient to reproduce their results for exponential electron spectra. The 
"quality control1* of our code was performed in the following way: 

When an electron spectrum consisting of discrete electron beams with intensities FfTJ 
is used instead of the continuous spectrum S(T), the number of electrons in the energy 
range [(Tn_i+TB)/2 , (Tn+T0+1)/2] of the continuous spectrum is actually compressed into a 
single beam of energy TD in the discrete spectrum. When the continuous spectrum is of the 
exponential form (eq. 5.8), the intensity F(TB) of the monoenergetic beam, corresponding to 
the energy interval [(Ja.i+T$2 . (TD4Toti)/2] of the continuous spectrum, is 
approximately given by 
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Figure 5.2. Integral bremsstrahlung flux spectra at an atmospheric depth of 4.0 g cm' 1 

due to electron beams with exponential energy spectra, a is the e-folding energy 
(from Seltzer ct al., 1973). 

F(T„) s 5|Z-^|. 5f
r"+ : r~! 

2£„ 
exp 

T.+T^ T„+Tm 

T. T„-> + Tn 

2£„ 
(5.9) 

Equation 5.9 was used to generate seven discrete electron spectra, corresponding to 

continuous exponential spectra with e-folding energies 20, 30, 40, 50, 60, 80 and 100 kcV. 

The seven spectra were used as an input for our code and the output compared with the 

integral flux spectra of Seltzer et al. Table 5.2 shows the resulting count rales at 

atmospheric depth 4.0 g cm"2, in a spherical probe with area 1 cm2, when the equivalent 

continuous electron spectra are given by 

S(T0) = lC-cxpC-ToÆo). 

The computed count rates (column C) are never completely matching the values derived 

from the integral flux spectra of Seltzer et al. (hereafter called S-v-.>"s) in column A. The 
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X-ray intensities (in counts s^cnf3) at z = 4.0 g cm"2, due to electron spectra 
equivalent to 

SflV) = lO'expf-TVEa). 

Column A: Count rates according to Seltzer et al. 
Column C: Calculated count rates. 
Column E: Calculated count rates in percent of count rates in column A. 

)) F„ = V IreV 

Energy A B C D E 
bin, keV Count % of Calculated % of % of A 

rate sum count rale sum 
25-50 600. 75.7 470. 77.0 •'8.4 
50-75 170. 21.4 120. 19.7 70.6 
75-100 19. 2.4 17.6 2.9 92.8 
100-150 3.9 0.5 2.7 0.4 68.2 
150-200 0.1 0.1 100.0 

Sum 790. 610. 77.0 

Energy A B C D E 

25-50 2000. 66.7 1630. 67.8 81.6 
50-75 770. 25.7 590. 24.5 76.6 
75-100 170. 5.7 138. 5.7 81.2 
100-150 55. 1.8 44. 1.8 79.4 
150-200 4.5 0.15 4.8 0.20 107.7 

Sum 

3) 6, = 40 keV 

Energy A B C D E 

25-50 4000. 61.6 3410. 61.3 85.2 
50-75 1700. 26.2 1400. 26.7 87.3 
75-100 570. 8.8 440. 8.0 77.6 
100-150 200. 3.1 195. 3.5 97.3 
150-200 29. 0.45 32.5 0.58 111.9 

5660. 85.6 

continuation on next page 
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TABLE S2 continued. 

Energy A 

25-50 6700. 
50-75 3300. 
75-100 1300. 
100-150 600. 
150-200 100. 

Sum 12000. 

5) F , = ffl keV 

Energy A 

25-50 8000. 
50-75 5400. 
75-100 2200. 
100-150 1100. 
150-200 230. 

Sum 16900. 

fi) F, = «n key 

Energy A 

25-50 14000. 
50-75 10500. 
75-100 4500. 
100-150 2700. 
150-200 870. 

Sura 32600. 

7) F„ = inn IrpV 

Energy A 

25-50 22000. 
50-75 16000. 
75-100 6500. 
100-150 5500. 
150-200 1700. 

B C 

55.8 5640. 
27.5 2770. 
10.8 960. 
5.0 510. 
0.83 108.5 

9980. 

B C 

47.3 8290. 
27J 4450. 
13.0 1690. 
6.5 1010. 
1.36 253. 

15700. 

B C 
43.0 14500. 
32.2 8760. 
13.8 3770. 
8.3 2650. 
2.67 816. 

30500. 

B C 

42.6 21700. 
30.9 14200. 
12.6 6590. 
10.6 5120. 
3.3 1775. 

D E 

56.5 84.1 
27.8 84.0 
9.6 73.7 
5.1 84.8 
1.09 108.5 

83.2 

D E 

52.8 103.7 
27.8 82.3 
10.8 76.9 
6.5 92.1 
1.61 110.2 

92.7 

D E 

47.5 103.5 
28.7 83.4 
12.4 83.8 
8.7 98.2 
2.68 93.8 

93.6 

D E 

44.0 98.8 
28.8 88.9 
13.3 101.4 
10.4 93.0 
3.6 104.4 

Sum 51700. 49500. 95.7 
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calculated count rates in the various energy bins range from 70 to 112 % of the 
corresponding S-values; the majority of our calculated values is within the interval 80 to 
100 % of the S-values. The total calculated count rate of X-rays in the energy range 25 -
200 keV is between 77 and 96 % of the total count rates of Seltzer et al. In (he following 
analysis we will adjust our estimated electron spectra such that the total calculated X-
ray intensities in the energy range 25 - 200 keV amount to 80 - 90 % (depending on 
the slope of the estimated spectrum) of the total measured X-ray fluxes which we are 
trying to imitate. 

The best general agreement between the values in columns A and C is found for rather 
hard electron spectra, with e-folding energies between 60 and 100 keV. The discrepancies 
between our results and the results of Seltzer et al. may arise from several reasons: 

1) The use of discrete electron spectra in our approach (see appendix A). 
2) The width of the X-ray energy steps in our program varies from 5 keV for the lowest 

X-ray energies to 25 keV for X-ray energies above 100 keV. 
3) We have no information on the X-ray spectra iJd(k,z,T0) for X-ray energies k > 0.8 TQ, 

resulting in too low X-ray count rates due to electrons with energy T 0 < 240 keV. 
4) Seltzer et a l smoothed their results in the variables k, z and T 0. 

It should be mentioned that the X-ray fluxes calculated with our code are only in a small 
degree affected by the roughness of the incident electron spectrum. The results of our 
calculations indicate that the gross feature of the electron spectrum almosl exclusively 
controls the proportional count rate in each energy channel of the X-ray spectrometer. 

Seltzer et al. estimated the uncertainty of their tabulated bremsstrahlung flux values 
<t>d(k\z,T0) to be 5 - 10 % in the peak region of the spectrum, and 30 - 40 % where the 
flux is about 1 % of its peak value. Consequently, some difference between the measured 
and the computed X-ray intensities must always be expected, even though the electron 
spectrum was known with a high degree of accuracy. When used with care, the code 
described in this chapter can serve as a useful facility to find the approximate spectra of the 
precipitatirg electrons. 
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IONIZATION OF THE ATMOSPHERE BY ENERGETIC 
ELECTRONS 

The ion pair production term q(h) in the steady state electron continuity equation 
N e(h) = Vq(h)/ccea(h) is in general difficult to calculate because of the many different 
ionizing mechanisms acting on the lower ionosphere. Precipitating electrons are frequent])' 
dominating other ionizing agents by far, resulting in relatively simple expressions for the 
ion pair production term. Some of the methods developed to calculate the ion pair 
production due to electrons precipitating into the atmosphere will be treated briefly in 
section 6.1. In section 6.2 the ion pair production model used in the analysis of the CEBO 
data is described in more details. 

6.1 Some models for the energy deposition of electrons in the 
atmosphere. 

One of the most frequently used methods of calculating ionization by precipitating 
electrons is the semi-empirical model of Rees (1963), based on theoretical calculations and 
the experiments of Griin (1957) on the energy dissipation of monoenergetic electrons in air. 
The essence of the model is represented by a simple analytical expression which, combined 
with a model of the neutral atmosphere, gives the ionization rate as a function of altitude. 
The method, which is quite convenient in use, is described in more details in section 6.2. 

Berger et al. (1970) used the Monte Carlo method to calculate the energy deposition of 
electrons as a function of altitude in the atmosphere. Electrons incident on the top of the 
atmosphere (at 300 km altitude in the model) were considered and the penetration of the 
electrons in the atmosphere calculated. The calculations took into account the multiple 
sc.itering and slowing down of the electrons due to Coulomb interactions with atomic 
nuclei and orbital electrons of the atmospheric constituents. The deflection of the electrons 
by the geomagnetic field was also considered. The accuracy of the model was tested by 
comparison with the experimental results of Griin (1957). Trie penetration function was in 
good agreement with the experimental values. 

Another approach to the interaction of auroral electrons with the atmosphere is to treat 
the electron penetration into air as diffusion. The energy losses and deflections due to 
collisions and to the geomagnetic field may be combined in a Fokker-Planck equation, the 
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solution of which gives the local electron spectrum throughout the atmosphere (see e.g. 
Walt et al. (1968) or Banks et al. (1974». From the local electron fluxes it is possible to 
compute the ionization rates as a function of altitude, for the different atmospheric 
constituents. However, both the Monte Carlo method and the diffusion approach are rather 
involved. Luhmann (1976) described an approximate analytical model based on a simplified 
form of the Fokker-PJanck equation derived by Walt et a]. The terms describing magnetic 
mirroring and pitch angle scattering due to Coulomb interactions were neglected and the 
Fokker-Planck equation was then solved analytically, resulting in compact expressions for 
the local electron spectrum. 

Luhmann also compared the energy deposition profiles calculated by the different 
methods described above, for electron distributions isotropic over the downward 
hemisphere. The gross features of the ionization rate profiles were generally in good 
agreement, rarely differing more than a factor two at a given altitude. Consequently, 
we will chose the simplest and most user-friendly model to calculate the ion pair 
production for selected intervals of the CEBO campaign. 

6.2 Method of computation. 

Figure 6.1a shows the average electron density profile measured by EISCAT above the 
CEBO-1 balloon for the interval 0350 - 0440 UT on August 27, 1984. The radar 
experiment is described in chapter 8. The CEBO-1 balloon registered no X-ray fluxes 
above the background level during this time period, indicating that the ionization in the 
lower ionosphere was entirely due to solar radiation and cosmic rays. The electron density 
below 90 km altitude was below the detection threshold of EISCAT, but increasing to 
2 1 0 1 0 m"1 at 100 km altitude. Figure 6.1b shows the average electron density profile for 
0440 - 0500 UT on August 29, 1984. During this disturbed interval the Cosmic Noise 
Absorption (CNA) at the riometer sites near EISCAT was about 2 dB and the CEBO-2 
balloon registered intense X-ray fluxes. The electron density above 90 km aJh'lude was 
2-1011 m"3, decreasing to approximately 5-10' m"5 at 70 km. Comparison to figure 6.1a 
shows that solar radiation and cosmic rays were of minimal importance to the ion pair 
production between 70 and 90 km during this latter interval, above 90 km the solar 
radiation may have been responsible for 5 - 1 0 percent of the total ionization. Earlier 
rocket flight measurements of energetic particle precipitation during auroral events show 
that the flux of energetic protons in the D region is insignificant compared to the electron 
fluxes (Folkestad, 1970). Consequently, we consider energetic electrons as the only 
ionizing agent below 90 km altitude during the disturbed periods of the CEBO 
campaign. In the altitude range 90 to 100 km also ion pair production due to solar 
radiation must be taken into account. 

As previously mentioned, the different energy deposition models for isotropic incident 
electron fluxes, described in section 6.1, all produce similar ionization height profiles 
(Luhmann, 1976). In our study we have adopted the semi-empirical model of Rees (1963), 
because of its compactness and convenience. 
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Figure 6.1a Mean electron density profile measured by EISCAT during the quiet interval 
0350 - 0440 UT on August 27, 1984. 
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Figure 6.1b Same as figure 6.1a, but for the disturbed interval 0440 - OSOO UT on 
August 29, 1984. 
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According lo Rees (1963), the number of ion pairs per unit volume, q(z) [m"3J, at 
atmospheric depth z [kg m"*] generated per unit incident electron flux F [m~2], is given by 

m = ^x(±\m (fitl) 

where: 
$0 [keV] = initial energy of the electron. 
AE [keV] = average energy lost per ion pair formed. 
r„ [m] = R/p = range at the top of the atmosphere, p [kg m~s] is the mass density at 

the lowest altitude of penetration, where the atmospheric depth is R [kg m"3]. 
N,(z) [m"}] = number of ionizable atoms or molecules at the atmospheric depth z. 
N,(R) [m"J] = number of ionizable atoms or molecules at the atmospheric depth R. 
k(z/R) = normalized energy dissipation distribution function. 

The atmospheric depth z can be expressed as the pressure divided by the gravitational 
acceleration g. The mean energy required to produce one electron-ion pair, AE is 35 eV. 
Griin (1957) examined the energy dissipation distribution function X(z/R) and the 
penetration depth R of electrons in air, by measuring the luminosity distribution produced 
in the gas when monoen crgetic, monodirectional electrons in the energy range 5 to 54 xeV 
were emitted into a small gas chamber. The geometry of the experiment is indicated in 
figure 6.2, which shows measurements of N2* emission intensity contours, produced by 
monoenergetic monodirectional electrons in air. If a magnetic field, B, is present the 
eJecfron paths are confined to helices around the vertical line, either the electrr-.i beam is 
initially parallel to B or making an angle 8 with the field direction. The encigy dissipation 
distribution function X(z/R) for four angular distributions of the incident electrons are 
shown in figure 6.3. Experiments show that ?<z/R) only weakly depends on electron 
energies above 1 keV (Rees, 1988). Groin found the penetration depth (or maximum range) 
R lo be related to the initial electron energy EQ by 

R = 4 . 5 7 - i r r V ' 1 (6.2) 

when R is expressed in kg m" s and £„ in keV. Equation 6.2 is valid in the energy range 5 to 
54 keV, whereas the electron spectra derived by the method described in chapter 5 extend 
to 1000 kcV. Spencer (1955) applied the Bethe formula lo calculate (he penetration depth 
of electrons into air and various other materials. The results of Spencer and of Griin for air 
are in good agreement in the energy range examined by Grun and equation 6.2 does not 
deviate seriously from the results of Spencer for energies below 200 keV. For electron 
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(a) 

X'X 

(b) 

Figure 6.2. I V emission intensity produced by two beams of monoenergetic electrons 
in air. The electron paths will in both cases be helices around the dashed vertical line 
(from Vallance-Jones, 1974). 

energies between 200 and 1000 keV we found 

R = 3.42-10-V (6.3) 

to fit closely the values of Spencer. According to equations 6.2 and 6.3, the lowest altitude 
of penetration for 500 keV electrons in our model atmosphere is 60.5 and 62.5 km, 
respectively. 

We have calculated the penetration depth R, according to equation 6.2 for energies 
below 200 keV and equation 6.3 for energies greater than 200 keV, for the electron 
energies T„ used in the synthesized electron spectra described in chapter 5. The atmospheric 
pressure P D at atmospheric depth R = R(Tn) is given by 
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Figure 6\3 Normalized curves of energy deposition X(z/R) for different pitch angle 
distributions, for electron energies above 1 keV (from Rees, 1963). 

P„ = R(Tn)'g ( 6 - 4 ) 

where g is the gravitational acceleration. The tabulated values of the CIRA (1972) 
atmosphere were used to find the number density ND and the mass density p at the pressure 
level P.. The geometrical altitude ti (in kilometres) at Hit's pressure level was found from the 
tabulated values of pressure versus altitude on September 1, at 70° N. It should be pointed 
out that the use of such a tabulated model of pressure versus altitude is a potential source of 
error in the further analysis. A given pressure level may be shifted upwards or downwards 
from the geometric altitude predicted by an atmospheric model if the temperature profile 
below changes. As mentioned in chapter 2 there are observed temporal fluctuations in the 
neutral gas temperature in the upper mesosphere at high latitudes and even an average 
temperature profile from a number of experiments can deviate considerably from the 
temperature profiles of the most popular atmospheric models. 

The number of ionizable atoms or molecules at the altitude h is not strictly the total 
number density N„ but is related to the number densities of 0 „ Nj and O by (see Rees, 
1969): 

N, = [O,] + 0.92-INJ + 0.56[O] (6.5) 
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However, since the mixing ratio of the atmospheric gases is almost constant from sea level 
and up to 100 km altitude (cf. chapter 2), the ratio N/zJ/N^R) in equation 6.1 is well 
approximated by 

SB-Sift 
The penetration depths R(T 0) for electrons with energies T n are listed in appendix B, 

together with the geometric height, mass density and cumber density at these atmospheric 
depths. 

The electron density profiles Ne(h) and the ion pair production q(h), derived by 
applying equation 6.1 and die inferred electron spectra, are finally combined to yield Ihe 
effective recombination coefficient as a function of height; 

***$&!? < 6 7 > 
The mean electron density profile N e q u i e , (h) for the quiet interval 0350 - 0440 UT on 
August 27 (see figure 6.1a) was subtracted from the measured electron density profiles 
N e i n ] M S U i e d (h ) before atB was calculated. Actually, the ion pair production due to solar 
radiation, q,(h), should be included in q(h), at least for altitudes greater than 90 km. The 
solar elevation angle was very low (< 5°) during the time periods selected for evaluating 
a e I f l and it would be difficult to carry out realistic calculations of q^h). The modification of 
the electron density profiles as mentioned above is only a first order approximation to 
include Ihe ionization due to solar radiation in equation 6.7, but as the electron density at 
90 - 100 km altitude during the quiet interval was only 5 - 1 0 percent of the electron 
density during the disturbed periods, this approximation will hardly be any major source of 
error in the derived values of a r D . 

Earlier X-ray measurements, made with balloon borne detectors with some spatial 
resolution capabilities, give evidence of small scale spatial structures in the electron 
precipitation, superimposed on a more or less uniform background precipitation (Mauk el 
al., 1981, Olafsson and Ullaland, 1989). Precipitation structures of this kind, drifting 
through the radar beam, could introduce artificial features into the electron density profiles, 
especially for low elevation angles of the radar antenna. In order to reduce the influence of 
such irregularities in the electron precipitation boih the X-ray measurements and the 
electron density profiles should, whenever possible, be post-integrated over a few minutes 
at least. 
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CHAPTER 7 

EXPLORATION OF THE IONOSPHERE WITH INCOHERENT 
SCATTER RADAR 

In this chapter the principles of ionospheric electron density measurements by an 
incoherent scatter radar are briefly treated. Section 7.1 deals with the scattering of 
electromagnetic waves in the ionosphere and the characteristics of EISCAT are described in 
section 7.2. The operation mode of EISCAT during the CEBO campaign will be outlined in 
section 8.1. 

7.1 Incoherent scattering of electromagnetic waves in the ionosphere. 

"When an electromagnetic wave is transmitted from the ground at a frequency far above 
the maximum value of the plasma frequency 

Jf 2* \ 
-t— (7.1) 

found in the ionosphere (typically about 10 MHz), mosi of the transmitted energy passes 
through the ionosphere into space. A small fraction of the energy is scattered in all 
directions from random thermal fluctuations in the electron density. The returned power 
from a volume V in the ionosphere is proportional to the electron concentration N e in V. If 
the signal power returned to the ground is measured N e may be determined, and the 
spectrum of the scattered signal can provide several other ionospheric parameters. The 
physical mechanism on which this method of experimentation is based is called Incoherent 
scattering or Thomson scattering. Incoherent scattering of electromagnetic waves and its 
application to ionospheric research bas been discussed by e.g. Evans (1969), Farley (1971), 
Bagfois (1977a), Leer (1977) and Risbeth & Williams (1985). These authors deal with 
different aspects of the scattering of radio waves and the following section is a synthesis of 
their papers, intended for the non-specialist in incoherent scattering. 

An electromagnetic wave falling on a free electron will cause it to oscillate and to re -
radiatc electromagnetic wave, with the same frequency as the incoming wave, in all 
directions. The power re-radiated in this way into unit solid angle and per unit incident 
flux is given by (Evans, 1969) 
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£ = r^utt (7.2) 

where r e is the classical electron radius 

c 1 

= _ = 2.81-10'" m (7.3) 

and 6 is die angle between the electric field in the incident wave and the direction from the 
scattering electron to the observer, i.e. the polarization angle. Hie total power re-radiaied 
by one electron, per unit incident flux is 

o r = &i/3-re

2 = 6.6-lCrK m 1 (7.4) 

and is called the Thomson cross section of the electron. The radar cross section of a target 
is defined as the projected area of a perfectly conducting sphere, which would scatter the 
same amount of energy to the observer if it is located at the same position as the real 
target. Since a perfectly conducting sphere is an isotropic scatlerer, the radar cross section 
of a single electron is 

o e = 4jtr c

2sin z9 = lO^-sin'O m 2 (7.5) 

In a scattering volume V, illuminated by a radar, with average electron density N f the 
electrons will be randomly distributed due to thermal motion. The lengths of the paths from 
the radar to each electron will also be randomly distributed and at the radar the scattered 
waves will add with random phases. Thus, the signal powers returned to the receiver will 
add and the total received signal power is proportional to the product o e N e . A typical 
measurement volume in the lower E region during the CEBO campaign was of the order of 
10 km 3 and the electron density at 100 km altitude about 3-10" m"3 during moderate to 
strong precipitation events. Although the total electron content of the volume may be as 
high as 3* 10", the total scattering cross section (V-OpNp) of this volume is only 0.3 
mm 2. 

If the electron moves with a velocity v e along the line of sight of the radar the Dopplcr 
shift of the scattered wave is given by 

Af = 2vJ\ = 2f,v,/c (7.6) 

where \ is the wavelenglh and f, is the frequency of the transmitted wave. Random thermal 
motions of electrons with temperature T e would result in a Gaussian shaped spectrum of the 
signal scattered by free electrons, with a centre to half-power width of 0.71 Afc where Afe 

is the Doppler shift du to an electron approaching the radar at the mean thermal velocity 
(Evans, 1969) 
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«-U SKT 
[HZ] (7.7) 

where K is Boltzmann's constant (= 1.38-10'13 JK"1). The UHF system of EISCAT operates 
al a frequency of 933.5 MHz. Assuming the electron (and ion) temperature at 100 km 
altitude to be 250 K the frequency spread of the scattered signal, Afe> would be quite large, 
or approximately 500 kHz, and the backscattered energy per unit bandwidth 
correspondingly low. 

The first experimental tests of these ideas, performed about 30 years ago, showed some 
unexpected features. The total backscattered power was roughly as expected, but the 
spectral width of the scattered signal was much narrower than predicted by equation 7.7. 
The observed frequency spread was rather that corresponding to the ion ihermal motion. 
Later theoretical work showed that the influence of the ion motion on the scattered signal is 
very important when the radar wavelength X, is much larger than the Debye length \ j 
defined by (see e.g. Tanenbaum, 1967) 

An = 
I e o * r « T 

— (7.8) 
N 

where EQ is the permittivity of free space (= 8.8510'n Fm'1). True Thomson scattering, 
i.e. scattering from electrons which can be regarded as completely free (no electrostatic 
forces between the electrons and the ions), will only take place when a i- 5, where a is 
defined by 

a = 4 K V \ C7-9) 

The operating wavelength of EISCATs UHF system is 0.32 m and the Debye limit can in 
SI units be expressed as 

vT7r7 e > 2-10-3 (7.10) 

During daytime this condition is only fulfilled below 80 km and above 1500 km altitude. 
Trie corresponding limit for the VHF radar (f = 224 MHz, \ = 1.34 m) is 810 ' 3 , usually 
found below 70 km and above 4000 km. In the intermediate region, i.e. in the main part of 
the ionosphere, the pure Thomson scattering mechanism must be modified in some way by 
the electrostatic forces between the ions and the electrons. The theoretical works carried out 
shortly after the surprising results of the first incoherent scatter experiments showed that 
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when the Debye length is small the scattering can not be regarded as from the individual 
free electrons, but is actually arising from density fluctuations in the plasma. The 
wavelength of the density fluctuations contributing to the scattering of a radiowave of 
wavelength \ satisfy the Bragg condition, namely 

A = -2 (7.11) 
2-sin(6/2) k } 

where A is the wavelength of the density fluctuation and 6 is the angle between the wave 
vectors of the incident wave and the scattered wave. In the case of backscattering (6 = n) 
the wavelength of the density fluctuation involved is half the radar wavelength. We will 
consider two types of density fluctuations in the ionosphere; ion-acoustic waves and plasma 
waves. 

i) Ion acoustic waves. 

When a radar signal, transmitted at a frequency f„ is scattered by a low frequency ion 
acoustic wave propagating towards the observer, the frequency fs of the received signal is 
(Uer, 1977) 

t W i + f» + ( ^ - k,)v/2,-i (7.12a) 

where fw is the frequency of the ion-acoustic wave, 1̂  and kg are the wave vectors of the 
transmitted and the scattered wave, respectively, and v( is the drift velocity of the ions. A 
signal scattered by a wave propagating away from the observer will be received at the 
frequency 

h = fi " ** + 0% - ^ ' V 2 * C 7 I 2 b ) 

When f̂  « f, we may assume that | kg | - | k t | and a monostatic radar will receive a 
signal at the frequency 

fs = f,(l - 2 v / c ) ± f w (7.12c) 

where v, is the drift velocity along the line of sight of the radar, with positive sign 
corresponding to drift away from the radar. It is important to note that the electron drift 
velocity does nol enter the equations. Assuming small amplitude and isothermal 
compression (ve = Y, = 1) Ihe frequency of an ion-acoustic wave with wavelength A is 
(Krall and Trivelpiecc, 1973): 
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A ^ m, 

l_ 
A \ 

*T, 
(7.13a) 

where y e a*10" Yi is the ratio of specific heat at constant pressure to the specific heat at 
constant volume for the electrons and the ions, respectively, Tj is the ion temperature and 
TI^ is the ion mass. In terms of fj and for backscattering we can write 

f* c 
xT, 

1 * (7.13b) 

When T e = Tit which is normally a good approximation below 130 km altitude, the 
frequency of the received signal (eq. 7.12c) may be rewritten as 

/ , = / I (7.14) 

The term 2f,\yc is simply the Doppler shift due to the ion drift. The last term in the 
parenthesis in equation 7.14 indicates that thermal fluctuations in the plasma will result in 
frequency spread in the received signal. This term should be compared with equation 7.7, 
which gives an estimate of the signal bandwidth in the case of pure incoherent scattering. 
That part of the returned signal which has been scattered by ion-acoustic waves is called 
the ion lint and is usually the most important part of the received spectrum. Two examples 
of the shape of the ion line are given by the solid curves in figure 7.1, for v s = 0. If the 
ions are drifting with a velocity Vj m 0 the entire spectrum will be correspondingly Doppler 
shifted (cf. equation 7.14). The dashed curve shows the spectrum that would be obtained in 
a hypothetical situation in which the transmitted wave is scattered by completely free ions, 
with the electron Thomson scattering cross section. The total scattered power per 
electron, corresponding to the area under (he solid curves (i.e. the total scattering cross 
section), is (Evans, 1969): 

( l+a 'Hl+a '+VTV) 
(7.15) 
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- 2 - 1 0 I 
Normalized Dopp ler Shift t?j 

Figure 7,1. The shape of the ion line spectrum when T e = T s and T e = 3Tj (solid 
curves). The Doppler shift is normalized by the ion thermal velocity 
(©, = (2^f]/kI)Vrni/2KTi). The dashed curve corresponds to hypothetical scattering by free 
ions with the free electron scattering cross section (from Farley, 1971). 

This important result shows that in the case T e = Tj and a = 0 the total scattering cross 
section is actually only half the area under the dashed curve in figure 7.1. In other words: 
When T e = Tj the observed (or effective) electron cross section is only half the radar cross 
section ot given by equation 7.5. 

The exact shape of the ion line depends in a complicated way on the electron and ion 
temperatures, Debyc length, ion composition, collision frequency and several other 
parameters. The spectra are often difficult to interpret because it is not easy to separate the 
effects of the various quantities mentioned above. A common approach to the physical 
interpretation of the spectrum is to fix one or more of the parameters and to adjust the 
remaining ones in such a way that a theoretical spectrum, calculated from the assumed and 
inferred parameters, best fits the measured spectrum. Wher: properly done the analysis of 
the ion line can give a great deal of information about the ionospheric plasma. 
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ii) Plasma waves. 

When the Debye length is small as compared with the radar wavelength (a « 1) the 
wave is also scattered by high frequency plasma oscillations, frequently called plasma 
waves. These oscillations occasionally appear in the spectrum as two peaks - the plasma 
lines - one above and one below the transmitter frequency f,. The plasma lines are 
separated from fj by approximately the local plasma frequency f_ (see eq. 7.1). A schematic 
backscattered spectrum showing both the ion line and the plasma lines is given in figure 
7.2. Normally the plasma lines contain very little power and are usually not detectable 
below 200 km altitude. Another problem of plasma line studies is that electron density 
gradients within the scattering volume smear out the plasma lines and they no longer show 
up as sharp peaks in the received spectrum. Despite these drawbacks plasma line studies 
can for instance be used to verify some of the information obtained from ion line analysis. 
If (he frequency of the plasma lines can be found from the spectrum the electron density 
within the scattering volume can be accurately and unambiguously determined. 

DOWNSHIFTED 
PLASMA LINE 

UPSHIFTED 
PLASMA LINE 

FREQUENCY/ 
Figure 12. Schematic spectrum showing the ion line and the upshifted and 
downshifted plasma lines. 

The total power of the ion line, corresponding to the area under the solid curves in 
figure 7.1, is the simplest parameter of the backscattered signal. For monosfafic experiments 
the radar equation states that the instantaneous received power is given by (Hagfors, 
1977b): 
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? s = P l ' N , ' A h ' 4 ^ ' A ( 7 ' 1 6 ) 

where: 
P, = instantaneous transmitted power 
N e = electron density in the scattering volume 
Ah = range resolution = ct/2 where x is the pulse length 
G e B = effective electron scattering cross section 
R = range = distance to scattering volume 
A '- antenna aperture 

The numerical constants and the radar parameters can be evaluated and combined to yield 
the system constant C s . Taking into account the Dcbye correction term a 1 and the term 
T/Tj in the electron scattering cross section (equation 7.15) the electron density is easily 
obtained from equation 7.16: 

N. = - ^ ( l + a V T / T i X l + a i y C s (7.17) 

For the EISCAT UHF radar the numerical value of the syslem constant has been 
determined from simultaneous ion line and plasma line measurements (Kirkwood ct 
al.,1986, Trondscn, 1988) and the adopted value in SI units is 

C s = 1.18-10" 

Ionosonde measurements of the critical frequencies at the E-laycr and F-laycr peaks may 
also be used to estimate the system constant. 

In the interpretation of the radar measurements from the CEBO campaign the electron 
density is of primary importance. The derivation of other ionospheric parameters from the 
spectral characteristics requires sophisticated techniques and a thorough description of the 
further processing and analysis procedures of the backscattered signal is beyond the scope 
of this thesis. 



60 

7.2 The EISCAT radar. 

The EISCAT facility actually consists of two independent systems: a tristatic UHF radar 

operating at 933 MHz and a monostotic VHF radar operating at 224 MHz. The VHF radar 

is located at Ramfjordmoen near Tromsø and its antenna can be steered in the meridian 

plane, with an elevation between 30* N to 60' S. The UHF radar consists of three fully 

steerable antennas located at Ramfjordmoen, Kiruna in Sweden and Sodankyla in Finland, 

with the transmitter at Ramfjordmoen and receivers at all sites. The geographical positions 

of the installations are shown in figure 7.3. The tristatic geometry enables the UHF radar to 

measure the full ion drift velocity vector v ; at any position in the ionosphere over a great 

part of northern Scandinavia. Table 7,1 summarizes the coordinates and table 7.2 the most 

important technical parameters of the EISCAT installations. Further description of the 

system is given by Folkestad et al. (1983) and Risbeth & Williams (1985). 

Figure 7.3. Sketch map of the EISCAT installations. From Baron, 1984. 
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Tabic 7.1. Geographic and geomagnetic data for EISCAT sites (from Baron, 1984). 
Tromso Kiruna Sodankylå 

Geographic 
Latitude [deg) 69.583N 67.S63N 67.367N 
Longitude (deg) 19.21 E 20.44 E 26.65 E 
Altitude (m) 30 412 180 
Distance from Tromso (km) 197.6 390.5 
Azimuth to Tromso (deg E) 346.02 312.49 
Azimuth lo Kiruna 164.88 284.71 
Azimuth lo Sodankyla 125.57 98.96 

Geomagnetic 
Corrected Geomagnetic Lai. (deg) 66.6 N 64.9 N 63.9 N 
Corrected Geomagnetic Long, (deg) 104.9 E 104.2 E 108.5 E 
Invariant Latilude--ground 66.3 N 64.5 N 63.5 N 

-300 km 66.8 N 65.1 N 64.1 N 
L-value -ground 6.17 5.38 5.03 

-30Okm 6.46 5.63 5.25 
Dip angle -ground 77.60 76.77 76.69 

-300 km 77.58 76.72 76.61 
Declination -ground 3.20 3.78 7.39 

-300 km 1.24 1.91 5.18 

In the transmitters the frequency of the radar wave can be changed in steps of 0.5 MHz 

for the UHF radar and 0.2 MHz for the VHF radar. Each transmitter can send 16 different 

frequencies, making it possible to transmit pulses with up to eight different frequencies 

within each transmission cycle. This permits several experiments to be run simultaneously 

and allows the experimenters to make maximum use of the transmitter duty cycle. 

The expected power of the received signal can be estimated from equation 7.17, 

Assume electron density N e = 10" m" s at an altitude of 300 km and a 300 us pulse 

transmitted with 2 MW power. Then the received signal power P s will be of the order of 

10"" W for the UHF radar. In addition there will always be received some noise power PD, 

even at range gates where no signal should be present. The noise originates from radio stars 

and galaxies and from the receiving system of the radar. At best P s is only a few times P n 

and an accurate subtraction of the noise level from the receiver output must be made. 

Obviously, an extremely sensitive receiving equipment must be used in order to get useful 

measurements of the scattered signal. 

Figure 7.4 shows schematically the main parts of the UHF receiving system. After 

passing through a preamplifier at the antenna bom the signal (933 ± 15 MHz) is mixed 

with a 1053.5 MHz local oscillator signal, giving a signal at an intermediate frequency of 

120 ± 4 MHz. This intermediate frequency signal is sent for filtering and further processing 

in eight independent receiver channels. In each channel the signal is mixed with a wave 

from a programmable second local oscillator and converted to a 30 MHz signal. The 30 

MHz signal passes through a bandpass filter and enters a hybrid detector, where it is at last 

mixed with a fixed 30 MHz signal. The hybrid detector produces two output signals in 

quadrature. These signals are, after filtering, used as input for the analogue/digital 

converters (ADQ, one for each receiver channel. The output from the ADC is passed to a 
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Tabic 12. Parameters of the EISCAT UHF system (from Baron, 1984). 

Transmitter 
Peak transmitted power 2.0 MW 
Maximum duly cycle 12.5% 
Operating frequencies 929 .5±0 .5n(0^n^ 15) 
Pulse widths 10-10000/«(selectable) 
Maximum pulse repetition 

rale 1000 Hz 
Modulations on-off, phase-flip, 

frequency-slep 
Antenna—all sites 
Diameter 32 m 
Efficiency 70% 
Optics Cassegrain 
Polarization arbitrarily selectable (cir

cular usually transmitted) 
Axes Azimuth/elevation 
Azimuth range 540° 
Elevation range 90c 

Maximum angular rate ].4e s" ' (each axis) 

Receivers 
Type Cooled parametric amplifi 

System temperature 

Number of channels.'site 
IF filler bandwidths 
Detector 

Posl-delection filters 

(remote sues) 
GaAsFET (Tromso) 
-45K (remote sites) 
- 130K (Tromsii) 
8 
1.2,8.0,30.0 M Hz (selectable) 
Synchronous demodulator 
yielding quadrature com
ponents 
12.5, 25.0, 50.0, 100.0 kH? 
(selectable) 

correlator which computes power profiles and the autocorrelation functions of the 
backscattcrcd signal. The autocorrelation function of the signal is actually the Fourier 
transform of the power spectrum. In principle it is possible to measure the power spectrum 
directly by using a bank of filters, but usually it is more convenient to measure the 
autocorrelation function as described above and convert it to a power spectrum by Fourhr 
transformation. 
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Figure 7.4. Main stages of the UHF receiver system (from Folkestad et al., 1983). 
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CHAPTER 8 

EXPERIMENTAL DATA 

The idea] conditions for coordinated balloon - radar measurements occur when the 

mesospheric jet winds undergo a reversal between summer easterlies and winter westerlies. 

During these periods the experimental arrangement sketched in figure 8.1 is feasible. In 

August 1984 two balloons, CEBO-1 and CEBO-2 were launched from Setermoen, about 

80 km south of Tromsø. The first balloon was at floating altitude from 2200 UT on August 

25 to 1000 UT on August 27, the second balloon reached floating altitude at 1800 UT on 

August 28 and was cut down at 1100 UT oo August 29. The EISCAT UHF radar was 

operated during the night hours, between 1600 and 0800 hrs. local time, providing electron 

density profiles of the D and E regions above the balloons. The flight trajectories of the 

balloons are shown in figure 8.2. The perfect arrangement, i.e. with a balloon positioned on 

the magnetic field line threading the Tromsø radar was never achieved; the horizontal 

distance between Tromsø and the balloons was always greater than 70 km. Therefore the 

electron density profiles measured with EISCAT may sometimes be affected by horizontal 

gradients in the electron precipitation. 

Wc will now describe the balloon and radar experiments and present the gross features 

of the data set. 

0" 10° 20" 30° 

Figure 8.1. Proposed experimental setup of CEBO. The antenna beams intersect in a 
volume 55 km above the balloon position (from Ullaland et al., 1985). 
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Figure 8.2. Map of northern Scandinavia showing the locations of the EISCAT 
installations and the flight trajectories of the CEBO balloons (from Ullaland et a!., 
1985). 
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8.1 Description of the experiments. 

The principal instruments of the balloon payload are scintillation counters, compass 
pressure gauge and probes for the measurements of electric fields (see Ullaland et al., 
1980). The downward directed X-ray fluxes were recorded with seven collimaled and one 
omnidirectional NaI(TTj scintillation crystals, mounted on photomultiplier tubes. The field 
of view of the collimated detectors at 90 km altitude, i.e. at the X-ray production layer, is 
indicated by the dotted, rosette-like area in figure 8.1- The total diameter of the rosette at 
90 km altitude is approximately 300 km, while the field of view of the collimated centre 
detector is 80 km in diameter. The compass monitors the horizontal orientation of the six 
inclined detectors. Due to a malfunction in the CEBO-1 compass the orientation of the first 
payload is not known after 2330 UT on August 25. The pulses from each of the inclined 
detectors are sorted according to X-ray energy in two channels, 2 5 - 5 0 keV and 50 - 75 
keV. The centre detector and the uncollimated detector are supplied with five-channel 
spectrometers covering the energy range 2 5 - 5 0 keV (c.f. chapter 5). Each scintillation 
crystal was encapsulated in a 0.375 mm thick aluminium housing. Low energy X-rays are 
attenuated in the Al-housing, mainly by photoelectric absorption. Furthermore, the intrinsic 
efficiency of the detector depends somewhat on the X-ray energy and the correction terms 
for each energy channel are given in appendix C. The results of Seltzer et al. (1973) 
express the X-ray fluxes outside the detectors. The modifications of the experimental count 
rates, mentioned in appendix C, should give count rates close to the fluxes outside the 
delectors. For X-ray fluxes isotropic over the upper hemisphere the geometrical factor G 
for a cylindrical detector, mounted with its axis of symmetry in the vertical direction, is 
given by (Brown. 1965) 

G = n a L - ( l + a/2L)/4 (8.1) 

where a is the diameter and L is the lengih of the cylinder. The diameter and the lengih of 
the uncollimated scintillation crystals were V6 inch (3.81 cm) and 1 inch (2.54 cm), 
respectively, and the geometrical factor 13.3 cm4. 

The balloons also carried probes for measurements of the full electric field vector E at 
the balloon floating altitude. Due to instrument failure the E-field measurements from 
CEBO-1 are of no value. The electric field measurements from CEBO-2 were successful. 

The main purpose of the radar experiment was to measure the electron density in the 
lower ionosphere above the balloons. Another intention of the experiment was to measure 
the ion drift velocity vector v, in the F layer in order to derive the ionospheric electric field 
E, which is related to the ion drift velocity by 

v, = E x B/B 1 (8.2) 

where B is the magnetic field. It is generally assumed that the horizontal electric field 
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around 40 km altitude in the stratosphere and the large scale horizontal electric field in the 

ionosphere are equal (Mozer and Serlin, 1969). The aim of this part of the experiment was 

to examine the validity of this assumtion. 

The radar transmission pattern for the whole experiment, shown in figure 8.3, consists 

of several pulses: 

i) Four 25 us pulses at four different frequencies (F4, F6, F7 and F2) for power profile 

measurements. The power profile is readily converted to an electron density profile 

according to equation 7.17. The pulselength (25 lis) corresponds to a range resolution 

of 3.75 km for the electron density. 

ii) 4 x 25 |is multipulse (F3) for measurements of the autocorrelation function (ACF) at 

Ramfjordmoen. 

iii) A 125 \xs pulse (F5) for measurements of the ACF at Ramfjordmoen. 

iv) A 250 us pulse (F9) for ACF measurements at Kiruna and Sodankylå. 

7/- F 3 F 6 F7 F2 F3 

TIME, /US 

VA •ir 

F2: 930.5 MHz 
F6: 932.5 MH2 

TIME, MS 

F3: 931.0 MHz F4: 931.5 MHz 
F7: 933.0 MHz F9 934.0 MHz 

F 5 : 9 3 2 . 0 MHz 

Figure &3, Transmission pattern of E1SCAT for the CEBO experiment. The total 
transmission/receiving cycle is 8 milliseconds. 

During the first balloon flight the remote stations were not operative and during the 

second flight the horizontal distance between the balloon and Ramfjordmoen was quite 

large, resulting in unfavourable geometry for tristatic measurements of the ion drift velocity. 

Thus, the present data set is not well suited for comparisons of the electric field measured 

in the stratosphere with the electric field of the F layer. On the other hand, the electron 

density measurements were successful. 
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8.2 Modifications of the electron density profiles. 

Before the electron loss coefficients a e D^h) are derived some modifications of the 
measured raw electron density of the lower ionosphere may be necessary. Two phenomena 
must be taken into account: 

i) When the Debye length is comparable with the radar wavelength the scattering cross 
section decreases. This effect was discussed in chapter 7. 

ii) When the negative ion density becomes comparable with the electron density the 
scattering cross section increases. 

The firct step in the analysis of incoherent scatter measurements is to calculate the raw 
electron density 

C -P 
N I W = -2—* R2 (8.3) 

(Notations: see equation 7.16 in chapter 7.1) This is actually equation 7.17 where we have 
assumed that T e = T, and a ( = 4 ^ E / > L I ) = 0, i.e. small Debye length as compared with the 
radar wavelength. According to equations 7.8 and 7.9 we may write: 

, r4,-r69l2 T e a 2 = — (8.4) 

Setting the wavelength of the UHF radar \ = 0.32 m and assuming that T, = 200 K at 75 
km altitude we find that 

a* = 1.5107N e (8.5) 

The "true" electron density, N e \ is according to equation 7.17 given by 

N e ' = N^-Cl + T/T, + a 2 ) ( l + a*)/2 (8.6) 

A complication arises because a 1 itself is a function of N e , and a 3 should not be neglected 
when N e < I0 1 0 m"\ The analysis of the radar measurements includes only those parts of 
the electron density profiles where the electron density exceeds about 310 ' m"s. For our 
purposes a satisfactory correction due to the finite Debye length effect will be to insert N ( 1 W 

instead of N e in equation 8.5 and then to calculate the (almost) true electron density from 
equation 8.6. 

As mentioned in chapter 2.22 the lower D region is ictcrized by large 
concentrations of negativt ions. Theoretical considerations show that the presence of 
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negative ions increases the total scattered power of the ion line (Mathewj, 1976, Fukuyama 
and Kofman, 1980). Assuming T e = Tj, the total scattered power of the ion line, per unit 
volume and per unit incident flux, is (Fukuyama and Kofman, 1980): 

s (1 + a')(2-(l + X) + a 2 ) K ' } 

where r e is the classical electron radius and X is the relative density of negative ions 
(X = N"/Ne). Equation 8.7 shows that the scattered power can be increased by a factor of 
two when die negative ion concentration is large. Moreover, the negative ions also increase 
the spectral width and change the shape of the ion line. Taking into account the finite 
Dcbye length and the presence of negative ions, the true electron density in the D layer is 
obtained by combining equations 8.5, 8.6 and 8.7 into: 

(2(1 + X) + a 2)-(l + a 7 ) 
K = N „ u - ^ - - (8.8) 

2(1 + 2X) K J 

We have no measurements of the height dependence of X during the CEBO campaign and 
hence the exact values of the true electron density below about 75 km altitude can in 
principle not be derived. However, we wi]j examine the possible effect of negative ions on 
our measurements by adopting a test profile of X, obtained during the Cold Arctic 
Mcsosphcric Project (CAMP) in July and August 1982. The relative negative ion 
concentration was deduced from the spectral width of the ion line, obtained during a 
particle precipitation event. The gross features of X(h) are as follows (Kofman et al., 1984): 

i) A transition region with X < 1 appears between 77 and 80 km altitude, consistent with 
earlier observations, 

ii) A region of constant X - 1 is observed between 71 and 77 km. 
iii) Below 71 km a region with X - 2 appears. 

In order to sludy the presumable effect of negative ions on our electron density profiles we 
will assume Ihe following altitude dependence of X, hereafter called X,(h): 

a) Below 70 km: X, = 2. 
b) X, decreases linearly from X, = 2 at 70 km, to X, = 1 at 71 km. 
c) Between 71 and 77 km: X, = 1. 
d) X, decreases linearly from Xj = 1 at 77 km, to X, = 0 at 80 km. 
c) Above 80 km: X, = 0. 

Figure 8.4a shows the following electron density profiles: 
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a) The raw electron density profile N w w (h ) at 0410 - 0411 UT on August 29, a typical 
profile for the intense X-ray event stalling at 0330 UT. 

b) The electron density Ne(alfa), corrected according to equations 8.4 and 8.6, i.e. taking 
into account the finite Debye length but assuming X - 0. The electron temperature T e 

is 200 K. 
c) The calculated "true" electron density, Np(alfa,lambda), including the effects of finite 

Debye length and the assumed negative ion concentration \(h\ using equation 8.8. 
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Figure 8.4a, Raw electron density ( N n w ) on August 29, 1984, density corrected for 
finite Debye length (N e(a)), and for both finite Debyc length and negative ions 
(N e(cU)). 

Figure 8.4b shows the corresponding postintegrated profiles for the interval 0440 - 0500 
UT on August 29. Figures 8.4a and 8.4b clearly show that for this specific altitude profile 
of >. the effect of negative ions almost cancels out the effeel of the finite Debye length. In 
other words: The true electron density N t is rather well approximated by the raw 
electron density N „ w . 

In figure 4.5 two additional electron density profiles are shown; Ne(a,Xj) where Xj(h) is 
30 % of ^(h) , and Ne(a,X,) where ^ (h) is a factor 3 higher than X,(h). The difference 
between these two additional profiles and the electron density profile calculated from X,(h) 
is approximately 25 % at altitudes between 70 and 78 km. 
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Figure 8.4b. Same as figure 8.4a, bul for the interval 0440 - 0500 UT on August 29. 

The general validity of the \ profile is certainly questionable. X(h) is likely to depend 
upon the intensity and probably the nature of the ionizing source, in addition to other 
conditions that may change with time, such as the chemical composition and the 
temperature. Reid (1972) employed a chemical reaction model to explore the changes of Ihe 
ion population in the D region during quiet conditions and during PCA events. The model 
calculations indicated that X decreases as the proton precipitation increases. Friedrich and 
Torkar (1983) fitted a number of ion composition measurements from rockets to obtain the 
following numerical relation between the electron density N t(h) (in m'5), the altitude h (km) 
and X(h): 

log[X{h)(l+X<h))) = 17.9 - 0.0956-h - log N c (8.9) 

This relation was derived from night time measurements. The amount of daytime data was 
limited, but Friedrich and Torkar considered the daytime values of X{li) to be a factor - 10 
lower than the night time values. If Ne(h) in equation 8.9 is taken from the profile Nt(a,\) 
in figure 8.4a we get the following daytime samples of X. below 80 km: 
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Figure 8.5. Raw electron density N n w profile and calculated density profiles for three 
different profiles of the negative ion/electron ratio at 0410 - 0411 UT on August 29. 
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These values are slightly lower than the ones adopted from Kofman et al. and an electron 
density profile calculated from equation 8.8 with X^h) from equation 8.9 would lie between 
the profiles Ne(a,X,) and Ne(a,Aa) shown in figure 8.5. It remains an open question which 
of the X(h) profiles is the best choice for our measurements. However, we consider the 
profile of Kofman et al. to be more attractive for the reason that this profile was obtained 
during geophysical conditions very similar to the conditions during the most promising part 
of the CEBO campaign (same season of the year, similar solar zenith angle and particle 
precipitation in both cases). The profile of Friedrich and Torkar is an average profile 
composed of measurements from all seasons of the year. In the further analysis of the radar 
measurements the profile \(h) (adopled from Kofman et al.) will be applied together 
with equation 8.8 to calculate the true electron density, but it must be kept in mind that 
the imperfect knowledge of X(h> introduces some uncertainty into the calculated electron 
density below SO km altitude. 
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8.3 Preliminary data. 

Figures 8.6 and 8.7 show routine plots of the gross features of the X-ray data from the 
entire CEBO campaign. During the first hours of the CEBO-1 flight (figure 8.6) some X -
ray events were observed. These events are related to substorm activity over northern 
Scandinavia as reflected by magnetic recordings. The rapid increase in the X-ray fluxes at 
2250 UT is closely correlated with the onset of a negative bay in the geomagnetic H -
component at the observatories in this local time sector and is typical for the electron 
precipitation at the onset of magnetospheric substorms (Pytte et al., 1976b, Kremser et al., 
1982). Before the substorm onset the geomagnetic H-component showed negative deviation 
of about 150 nT for about 1.5 hours. The X-ray fluxes during this interval were rather 
weak but significantly over the background level. These observations can be ascribed to the 
loading phase of the substorm (Pytte et al., 1976a, Tanskanen et al.» 1987). Recordings 
from the EISCAT magnetometer chain show that the westward electrojet had recovered at 
0400 UT on August 26. The X-ray fluxes had also decreased to background level at this 
time. At about 0540 UT CEBO-1 is floating approximately 70 km north-west of Kiruna 
when another X-ray event appears. A substorm onset was seen at Churchill, Canada 
(58.8°N, 94.1°W) between 0510 and 0515 UT, but no magnetic activity was observed in 
northern Scandinavia at this time. X-ray events of this type, occurring in the morning 
sector and in the absence of local magnetic activity, are interpreted as the effect of 
energetic electrons injected in the midnight sector, drifting eastward in the geomagnetic 
field and causing precipitation in the morning sector due to wave-particle interaction 
(Sletten et al., 1971, Torkar et al., 1987, In riometcr recordings these events appear as 
smooth slowly varying absorption (SVA) events (see e.g. Bewersdorff et al., 1967, and 
references therein). The SVA event starting at 0540 UT had recovered at 0900 UT and the 
for the rest of the flight (25 hours) the CEBO-1 balloon recorded only sporadic, weak X -
ray fluxes. 

The CEBO-2 balloon observed almost continuous moderate to sl rong X-ray fluxes 
during the whole flight (see figure 8.7). Magnetic recordings from the auroral zone show 
that the westward electrojet was present over northern Scandinavia from about 1900 UT on 
August 28. Several electrojet intensifications were seen until the current reached its 
maximum intensity around 2400 UT, resulting in a negative bay of about 500 nT in the 
geomagnetic H-component at the EISCAT sites. The X-ray fluxes increased rapidly 
simultaneously with the electrojet intensifications. At 0130 UT on August 29 the elcctrojct 
shifted northward, the current decreased and had almost recovered in this local lime sector 
at 0300 UT. In the sector between Iceland and Greenland the electrojet recovered al 0730 
UT. The X-ray event starting around 0300 UT will be discussed in chapter 9- A SVA-likc 
precipitation event was observed by CEBO-2 and by the Scandinavian riometcr stations 
shortly before 0700 UT. This precipitation event is probably related to a minor 
intensification of the westward electrojed in the secior berween Iceland and Greenland, but 
il can not be ruled out that an injection has occurred still further west. 
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Figure 8.6. Routine plots of X-ray fluxes observed on board the CEBO-1 balloon 
from 2100 UT on August 25 to 1200 UT on August 26, 1984. Note the logarithmic 
intensity scale. 
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Figure 8,6 continued. Routine plots of X-ray fluxes measured on board the CEBO-1 
balloon from 1200 UT on August 26 to 1000 UT on August 27, 1984. 
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Figure 8.7. Routine plots of X-ray fluxes measured on board the CEBO-2 balloon 
from 1700 UT on August 28 to 1130 UT on August 29, 1984. 
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The temporal variations in the X-ray fluxes during the CEBO campaign show the same 
characteristics similar to those usually observed in riomeler recordings: Around local 
midnight the precipitation rises sharply to maximum intensity simultaneously with an 
intensification in the westward electrojct, the intensity peak lasts often only a few minutes 
and drops off rather quickly. On the other band, in the local morning sector the 
precipitation is related to magnetic activity in the midnight sector and the lime variations 
arc much slower. Especially the decay phase may last for 1 or 2 hours. 

In our attempts to derive the electron loss rate ct e H we have concentrated on the time 
period 0300 to 0500 UT on August 29. During this interval the cosmic noise absorption 
(CNA) at Ramfjord increased from 1 dB to 4 dB at a frequency of 32 MHz and the X-ray 
count rates in the 25 - 50 keV energy bin occasionally exceeded 15,000 counts/second. For 
comparison the decay of cosmic rays in the atmosphere gives rise to a background count 
rale of 27 counts/second in the same energy bin. Useful electron density data from altitudes 
as low as 70 km were obtained during the last 20 minutes of this two hour interval. 

According to the steady stale electron continuity equation we can write 

N e(h)~Vq(K) (8.10) 

where the ion pair production term q(h) is proportional to the electron flux into the 
ionosphere. When realistic electron energy spectra arc used in the ion pair production mode] 
of chapter 6 the main contribution to the ion pair production around 90 km altitude is due 
to electrons in the energy range 50 - 100 kcV. Electrons in this energy range arc also 
responsible for a great part of the X-rays observed in the lowest energy channel, 25 - 50 
kcV, of the detectors onboard the balloons. Therefore, we may assume that 

Ne(h = 90 km) - v1(25 - 50 kcV (8.11) 

where 1(25 - 50 keVl is the counting rate in the lowest energy channel of the unshielded 
X-ray detector. Figure 8.8 shows a scatter plot of the one minute average values of the 
square root of 1(25 - 50 keV) (on the horizontal axis), and the electron density N e(90 km) 
(on the vertical axis) for the interval 0210 UT to 0509 UT on August 29. The background 
count rate of the X-ray detectors and the quiet day electron density at 90 km altitude were 
subtracted from the measured values. A least square line was also filled to the data. At the 
beginning of the interval the X-ray fluxes were slightly over the background level and 
increased to a maximum of about 16,000 counts/second at 0400 UT. Thus, tht entire range 
of X-ray intensities measured during the CEBO campaign is covered in figure 8,8. The 
electron density increases with the X-ray flux approximately as predicted by equal i on 8.10, 
but the scatter of the data points around the least square line indicates that some spread in 
ihc derived electron loss rates at a given altitude must be expected. 
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Figure 8.8. One minute average values of (i): the X-ray count rate in the lowest energy 
channel (horizontal axis), and (ii): the electron density measured by EISCAT at 90 km 
altitude (vertical axis) from the interval 0210 - 0509 UT on August 29, 1934. The solid 
line is a linear least square fit to the data. 



CHAPTER 9 

19 

ELECTRON LOSS COEFFICIENTS IN THE D-REGION 

In this chapter the methods described in chapters 5 and 6 are applied to infer the energy 

spectra of the precipitating electrons, the ion pair production rates and the electron loss 

coefficients in the lower ionosphere during selected time intervals of the CEBO campaign. 

The intervals best suited for these purposes are found between 0300 and 0500 UT on 29. 

August. The horizontal distance between Ramfjord and the CEBO-2 balloon was about 100 

km, intense electron precipitation resulted in measurable electron densities down to 70 - 75 

km altitude and the X-ray fluxes were fairly stable during parts of this two hour interval. 

The X-ray count rates in the 25 - 50 keV and the 100 - 150 keV channels of the 

omnidirectional detector are shown in figure 9.1. Figure 9.2 shows the variations of the X-

ray energy spectrum, represented by the spectral parameter 

1(100 - 150 keV) 

1(25 - 50 keV) 

At the beginning of the two hour interval the X-ray fluxes were well above the background 

level and the cosmic noise absorption (CNA) measured at nearby riomctcr stations was 

about 1 dB. Al 0338 UT the X-ray fluxes and the CNA start 1o increase, reaching a 

maximum at 0400 UT. Immediately as the precipitation increases, the X-ray spectrum 

hardens rapidly and the peak value of the spectral parameter R is observed at 0344 UT, i.e. 

16 minutes prior to the X-ray flux peak. Magnetic signatures of a substorm onset taking 

place to the west of Churchill, Canada, were seen at 0310 UT, but afterwards the magnetic 

recordings look confused and the further development of the substorm is obscure. A sudden 

onset of a negative bay in the geomagnetic H-component occurred at 0330 UT in 

Narssarssuaq, Greenland. About 15 minutes later the westward electrojet is well developed 

in the sector between Iceland and Churchill, but over Tromsø only a weak westward current 

is flowing. The magnetic recordings and the X-jay observations indicate that electrons 

injected in the midnight sector and drifting eastward in the geomagnetic field, with the most 

energetic electrons drifting fastest, are responsible for the enhanced electron precipitation 

over northern Scandinavia starting at 0338 UT (Kremser et al., 1973, Kangas el al., 1975). 

The one minute average values of the electron densities measured in the altitude range 

65 to 105 km are shown in figure 9.3. The electron densities shown were corrected 

according to equation 8.8, i.e. effects due to finite Dcbyc length and the plausible presence 

of negative ions were taken into account. As expected, changes in the electron density 
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Figure 9.1. X-ray fluxes in the 25 - 50 keV (upper curve) and the 100 - 150 keV (lower 
curve) energy channels of Jhe omnidirectional detector of CEBO-2 between 0300 UT and 
0500 UT on August 29. 1984. 
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follow closely changes in the X-ray fluxes. As an example the X-ray pulsation event 
around 0425 UT is clearly seen as simultaneous variations in the electron density 
throughout the lower ionosphere. 

9.1 Effective recombination coefficients. 

Within the time interval 0300 - 0500 UT five shorter intervals, during which the X-ray 
fluxes were nearly constant, were used for further analysis. The intervals are: 

1) 0310:40 - 0317:40 UT 
2) 0348:40 - 0352:40 UT 
3) 0354:40 - 0402:40 UT 
4) 0410:40 -0417:40 UT 
5) 0440:40 - 0500:40 UT 

The integrated (time averaged) electron density profile for each interval was calculated 
and the profile was considered as usable down to the altitude where the average electron 
density had decreased to approximately 4-10° m*3. If the individual profiles (one minute 
averages) were considerably divergent above this altitude the height range with the 
divergent profiles was also excluded from the further analysis. The estimated energy spectra 
of the primary precipitating electrons were derived from the measured X-ray fluxes, 
according to the method described in chapter 5. Within each interval the X-ray spectral 
parameter R did not change dramatically, as seen in figure 9.2. Measurements from the 
inclined X-ray detectors show that the elcclron precipitation was nearly uniform over the 
whole field of view of the detector array during all intervals; the X-ray intensities in two 
oppositely directed detectors did never deviate more than about 20 %. The assumtion of 
uniform precipitation over a wide area is clearly valid for the selected intervals. The 
estimated electron spectra were used as input in the model which calculates the ion pair 
production profiles q(h) (described in chapter 6). Finally, the electron density and the ion 
pair production profiles were combined in the steady stale electron continuity equation to 
yield the effective electron loss coefficient profile; 

N*(h) 
aM-ik ( 9 2 ) 

As mentioned in chapter 6 we have subtracted a quiet day electron density profile from the 
measured profile NeCC as a first order approximation in taking into account the ion pair 
production d'ie to solar radiation. 

We will now present the measured and derived parameters for each interval. 
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This interval is characterized by moderate X-ray fluxes and soft X-ray spectrum. The 
quality of the lower parts of the individual (one minute integration time) electron density 
profiles is questionable; below 83 km altitude they are much more than the lower parts of 
the electron density profiles measured during the other intervals. Above S3 km the 
deviation from the average profile is no more than ± 15 %, which we regard as quit: 
satisfactorily taking into account the fluctuations in the X-ray fluxes. For this reason the 
electron loss rates during the first interval were only calculated for altitudes above 83 km. 
Figure 9.4 a-d shows the following measured and derived quantities for the first interval: 

a) The estimated energy spectrum of the primary precipitating electrons, inferred from the 
measured X-ray fluxes. 

b) The time averaged electron density profile, measured by EISCAT. 
c) The calculated ion pair production rate as a function of altitude, assuming that 

precipitating electrons with the energy spectrum shown in panel (a) are the only 
ionizing agent. 

d) The steady state effective electron loss coefficient a ^ = q/Ne*as a function of 
altitude. 

The results will be discussed later in this section. 

2) 0348:40 - 0352:40 UT 

At this time the total X-ray count rate in the uncollimated detector had increased by a 
factor of 4 as compared with the first inlcrval. The X-ray spectral parameter R attained its 
highest value at 0344 UT and had decreased slightly at the beginning of the second interval. 
The electron density was above the threshold limit 410* m"' down to 73 km altitude. 
Figure 9.5 a-d shows the experimental and derived parameters for the second interval. 

3) 0354:40 - 0402:40 UT 

Tie most intense X-ray fluxes were observed during this interval and the electron density 
maximum between 90 and 95 km reached its peak value of 2.510" m°. The 
recombination rate was calculated for altitudes down to 72 km. See figure 9.6 a-d 

4)0411:40 - 0421:40 UT 

The total X-ray fluxes were somewhat lower during this interval than during the previous 
one, but the high energy tail (above 300 kcV) of the primary electron spectrum had 
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strengthened remarkably. See figure 9.7 a-d. 

5) 0440:40 - 0500:40 UT 

The total X-ray fluxes were still at almost the same level as during the whole preceding 
hour and a useful electron density profile was obtained down to 68 1cm. The energy 
spectrum of the primary electrons may be divided into two parts: For energies below 200 
keV the electron flux as a function of kinetic energy T follows closely a function of the 
form 

S(T) - expC-T/Eo) (9.2) 

with EQ = 38 keV. Above 200 keV equation 9.2 is still a good approximation, but with 
ED = 63 keV. In other words: During this interval the electron energy spectrum appears to 
be the sum of two simple exponential spectra with different e-folding energies. The 
features of this interval are shown in figure 9.8 a-d. 

Table 9.1 shows both the calculated ( 1 ^ and the measured ( I m M S ) average X-ray 
fluxes in each energy bin of the uncollimated detector for each of the five time periods 
mentioned above. The measured values listed in the table have been modified as described 
in appendix C to represent the X-ray fluxes outside the detector. As mentioned in chapter 
5, the sum of 1 ,^ should be between 80 and 90 % of I m a s , depending on the steepness of 
the electron spectrum. 

Table 9,1. Calculated vs. measured X-ray fluxes, in counts/second. 

Interval 1 Interval 2 Interval 3 
Energy bin 'wk *ne*s U 'mas cak 'mcu 

2 5 - 5 0 keV 1216 1531 8330 9180 13740 15500 
5 0 - 7 5 - 375 473 4360 5650 6840 9030 
7 5 - 1 0 0 - 90.9 95.3 1560 1850 2250 2680 
100 - 150 - 39.6 50.9 771 922 1020 1200 
1 5 0 - 2 0 0 - _ Z 5 _ 2 J -LLC _S2 _I22 _ U 2 

Sum 1729 2157 15130 17690 23970 28530 

Interval 4 Interval S 

25 - SO keV 9180 11800 6180 7330 
5 0 - 7 5 - 4840 6100 3020 3660 
7 5 - 1 0 0 - 1610 1640 1090 1210 
100 - 150 - 726 831 653 835 
150 - 200 - 13f 140 IS?. _H2 

Sum 17120 20510 11120 13210 
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Figure 9.4a. Estimated energy spectrum of the primary electrons at 0310:40 - 0317:40 UT 
on August 29, 1984, inferred from the X-ray measurements. 
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Figure 9.4b. Average electron density profile measured by EISCAT at 0310:40 - 0317:40 
UT on August 29. 1984. 
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Figure 9.4c. Calculated ion pair production at 0310:40 - 0317:40 UT on August 29, 1984. 
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Figure 9.4d. Calculated effective electron loss coefficient it 0310:40 - 0317:40 UT on August 29, 
1984. 
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Rgure 9.5a. Estimated energy spectrum of the primary electrons at 0348:40 - 0352:40 UT 
on August 29, 1984, inferred from the X-ray measurements. 
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Figure 93b. Average electron density profile measured by EISCAT at 0348:40 - 0352:40 
UT on August 29, 1984. 
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Figure 9.5c. Calculal -on pair production rate at 0348:40 - 0352:40 UT on August 29, 
1984. 
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Figure 9Så. Calculated effective electron loss coefficient at 0348:40 - 0352:40 UT on August 29. 
1984. 
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Figure 9.6a. Estimated energy spectrum of the primary electrons at 0354:40 - 0402:40 UT 
on August 29, 19S4, inferred from the X-ray measurements. 
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Figure 9.6b. Average electron density profile measured by EISCAT at 0354:40 - 0402:40 
UT on August 29, 1984. 
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9.2 Discussion. 

The calculated electron loss coefficients from intervals 2 - S are shown together on 
figure 9.9. At altitudes above 80 km all profiles show similar altitude dependence, although 
the difference between the highest and lowest recombination coefficients at a fixed altitude 
can be a factor of 2 or 3. The largest recombination coefficientss are found in the altitude 
range between 70 and 80 km. Around the maximum an interesting feature appears; namely 
that a e 0 decreases progressively during the precipitation event. This effect is most 
pronounced around 15 km altitude where aea drops from 10*4 to 1.5-10"5 cmV 1 in one 
hour with intense electron precipitation. Hargreaves et al. (1987) reported of similar results 
for the altitude range 75 - 80 km during a winter time PCA event: The recombination 
coefficients decreased by a factor of > 2 over a three hour period. Reagan and Watt (1976) 
also noted the same trend during daytime at altitudes below 63 km and between 76 and 89 
km in the strong solar particle event in August 1972. They also found that at sunrise the 
recombination coefficient drops rapidly (sometimes by a factor of 10 at a fixed altitude) and 
increases again at sunset. The sunrise/sunset variations of a e f f were in agreement with the 
predictions of chemical models for the D region, i.e. that solar illumination of some minor 
sec ies such as O, Oj and H ; 0 will play a dominating role in the production and 
destruciion of ionization in the D region. The progressive change with time of the 
present recombination profiles shows that an accurate recombination profile obtained 
e.g. at the beginning of a particle precipitation event does not necessarily define a 
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Figure 9.9. Calculated effective electron loss coefficients for intervals 2, 3. 4 and 5 
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unique interrelation between the ion pair production rate and the electron density in 
the lower ionosphere for the rest of the event. It is quite possible that intense electron 
precipitaiion is able to change the ion composition of the lower pan of the D region, and 
consequently changes the effective recombination coefficient. 

The general form of our recombination profiles shows a decrease from a few times 10~5 

at 75 km altitude to a e 0 - 510"* c m V at 90 km. This trend reflects the change in ion 
composition with height in the D region (c.f. chapter 2, see e.g. figure 2.10), Hydrated ions 
of the type H > (H 2 0} n with high recombination coefficients are dominating at lower altitudes 
but simpler molecular ions (Oj* and NO*) wirh low recombination coefficients become more 
abundant at higher altitudes. The recombination coefficients of electrons with the simple 
ions are 2-10"' cmV 1 for 0 2 * and 4-10"' cmV 1 for NO* (TOTT, 1985). Laboratory 
measurements of the reccmhjnatiorj coefficients of some hydrated ions with electrons are 
given in table 9.2. There appears to be a systematic increase in the recombination 
coefficient with increasing number of water molecules attached to the ions. 

Table 9.2. 
Recombination coefficients of hydratcd ion with electrons, in units of 10"* cmV 1 (from Leu 
ei al.T 1973). 

Tempera- (H,0)' H*(Hp, : H ' (H : 0) 3 H'(H aO) 4 H*(H,0)j H*(HaO) s H ' (H 2 0) 7 

ture [K] 
540 1.0*0.2 2.0*0.3 4.0i0.6 
415 2.2^0.4 4.2±0.6 
300 3.8±0.6 4.9±0.8 
205 6.0±1.2 7.5±1.5 s 10 

It should be emphasized that the effective recombination coefficient a e £ t , as it frequently 
is used in the steady state electron continuity equation, is a rather crude bulk parameter. A 
typical measurement volume in the D region will always contain a large number of 
different ion species, from the simple molecular to large cluster ions, and each ion species 
has its own recombination coefficient ak with electrons. The quantity that we call the 
effective recombination coefficient (or simply the elcc'ron loss coefficient) is some sort of a 
weighted average of the many different ctk's that actually are involved in the ion loss 
processes in the lowest part of the ionosphere. Consequently, it would be very 
unreasonable to attempt to derive any details of the Ion composition from (he 
calculated effective recombination coefficient alone. On (he other hand, if the chemical 
and ion composition and all the necessary reaction rates are well known it should be 
possible (at least in principle) to calculate the effective recombination rate with the aid of 
chemical models As mentioned in chapter 2 the ion chcmistiy of the D layer is not yet 
fully understood, and the further development of good chemical models for this region must 
be left as an exercise for the chemists 
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Figures 9.10 and 9.11 shows two of the present recombination profiles, at 0354:40 -

0402:40 UT and 0440:40 - 0500:40 UT, together with some previously published 

recombination profiles. Daytime values of atB for auroral events are sparse in the literature 

and we show profiles that also are obtained at somewhat different ionospheric conditions to 

compare with our results. The previously published profiles originate from the following 

papers: 

a) Folkestad (1970). The data from which these two profiles were derived were obtained 
from two rocket flights from Andøya during weak to moderate auroral events. The first 
rocket (ARCAS IV) was launched at 0450 UT on October 13, 1967, and the second one at 
0754 UT on December 4, 1968. The cosmic noise absorption at 27 MHz during the flights 
was 0.8 - 1.0 dB and 0.2 - 0.8 dB for ARCAS IV and F 16, respectively. 

b) Larsen (1973). This profile was also obtained from rocket flight measurements from 

Andøya, but at daytime during a moderate PCA event. The rocket was launched at 1421 

UT at February 25, 1969. 

These profiles are shown on figure 9.10. 

August 29, 1984 

10 ' 8 10"' 10"B 1CT 

'S3 
X 

60. 0 

Electron loss coefficient [cm 

Figure 9.10. Two of the present recombination profiles, at 0354 - 0402 UT (Cebo 1) and 
at 0440 - 0500 UT (Cebo 2), in addition to Wo profiles from Folkestad (1970): ARCAS 
IV (Folk 1) and F 16 (Folk 2) and one profile from Larsen (1973) (Larsen). 
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Figure 9.11. Two of the present recombination profiles, at 0354 - 0402 UT (Cebo 1) and 
at 0440 - 0500 UT (Cebo 2), together with one profile from Collis et al. (1986) (Coin's) 
and two profiles from Hargreaves el al. (1987); at 1030 UT (Harg 1) and at 1330 UT 
(Harg 2). 

Collis el al. (1986). This profile was deduced from electron densities measured by the 
partial reflection experiment at Ramfjordmocn, and ion pair production rates derived from 
electron fluxes measured on board the geosynchronous satellite GEOS-2 during moderate 
aurora] events in the summer time. The lowest part of the profile (below 77 km) was 
derived from observations at 0343 and 0354 UT on June 17, 1979, when the cosmic noise 
absorption (30 MHz) at Ramfjordmoen was 0.6 and 0.8 dB, respectively. The upper part of 
the profile (above 77 km) was obtained at 0230 UT on June 23, 1979, when the measured 
CNA was 0.3 dB. 

d) Hargreaves et al. (1987). These profiles were derived from EISCAT measurements of 
the ionospheric electron density and ionization rates computed from proton fluxes measured 
on the GOES-5 satellite during the moderate PCA event of February 16, 1984. The profile 
at 1030 UT is from the most intense phase of the event, at 1330 UT (the second profile) the 
ion pair production in the D region had decreased by a factor of approximately 4. 

These profiles are shown on figure 9.11. 
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There is a pronounced scatter in the recombination profiles shown in figure 9.10. At 75 
km altitude the previously published values of a e f l range from 10"* to 10~* cmV 1 , but at 85 
km the profiles - except the profile of Larsen - converge to a value around 10"* cmV 1 . 
The present profiles of a e f l fall within the range of profiles published in the four papers 
mentioned above. It is worth noticing that the lower part of our profile at 0354 - 0402 UT, 
i.e. early in the precipitation event, is very similar to the profile of Collis et al., which was; 
obtained at moderately disturbed conditions. Later on in the event, at 0440 - 0500 UT, our 
results are more consistent with the recombination coefficients derived by Hargreaves ct al. 
for the moderate PCA event. 

9.3 Conclusions. 

The main results of this section may be summarized as follows: 

1) The present profiles of the effective recombination coefficient ct e H are generally 
consistent with previously published recombination profiles from the auroral zone, obtained 
during moderately strong auroral or PCA events and with different techniques. 

2) The gradual decrease of a e f f with altitude between 75 and 90 km is consistent with a 
transition from hydratcd ions - with high recombinalion coefficients - al low altitudes, to 
simple molecular ions - with low recombinalion coefficients - at higher altitudes. 

3) In the height range 70 - 80 km the recombination coefficient decreases gradually with 
time through the precipitation event. This feature is presumably an indication of progressive 
change in the photochemistry of this region, and is possibly caused by the clcciron 
prccipitalion. 

4) Even though the altitude profile of atiS in the D region was accurately known al a given 
instance in a particle precipitation event, it is not possible to use the same a e t I profile at 
another point of time within the same event to: 

a) calculate the electron density profile from the ion pair production rate due to a known 
energy spectrum of the particles; or 

b) deconvolve an electron density profiles into an incident energy spectrum for the 
precipitating particles, 

because the particle precipitation presumably changes the photochemistry and thereby 
the effective recombination rate In the lower ionosphere. 
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CHAPTER 10 

COSMIC NOISE ABSORPTION: COMPARISON BETWEEN 
MEASURED AND CALCULATED CNA 

The enhanced electron density in the lower ionosphere during particle precipitation 
events will reduce the power of radio noise from space passing through the ionosphere. A 
network of riometers is continuously operated in northern Scandinavia and occasionally 
during the CEBO campaign the field of view of the balloon borne X-ray detectors and the 
radar beam were overlapping the field of view of one of the riometers. If the electron 
density and the frequency of collisions between electrons and the neutral molecules are 
known within the field of view of a riometer it is possible to calculate the cosmic noise 
absorption that the riometer would measure. In order to check the consistency of our 
"mesoscale picture" of the electron precipitation we have carried out calculations of this 
kind for a limited part of the CEBO data set. 

10.1 Absorption of radio waves in the ionosphere. 

The refractive index n of a radio wave travelling along the direction of the ambient 
magnetic field B in a weakly ionized gas is given by the simplified version of the 
Appleton-Hartree equation (see e.g. Ratcliffe, 1959): 

n J = 1 (10.1) 
l-iZ±Y 

where: 
N / e 2 

e | B | 
Y 

m,u 

Z = V^CD 

(up = the plasma frequency 
co = the angular frequency of the radio wave 
<occ = the gyration frequency of the electrons 
v e = the average frequency of collisions between electrons and heavy particles. 
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From equation 10.1 we notice that the refractive index is in general a complex quantity; 

n = ii + i X (10.2) 

where x is the absorption index. Inserting equation 10.2 into 10.1 and rewriting the right 
hand side of 10.1 we get 

( t x - i t f ^ ' - x ' - Z i M X - ^ ^ f 1 (10.3) 

and collecting the imaginary terms leads to 

""ST ZW1±Y)' ('°- 4 ) 

The absorption coefficient K is defined by 

to 
K = ~ x (10.5) 

and represents the absorption (in units of Nepers m"1) of the wave amplitude along the ray 
path. From equation 10.4 we find, after inserting for X, Y and Z 

1 e1 N.-V. K = • . ' e , (10.6) 2|ic £ome ve + (OJ ± toce) 

When to » a>p, the real part p. of the refractive index is very close to unity and the 
absorption associated with this situation is called non-deviatjve absorption. 

At high latitudes the geomagnetic field is not far from vertical and the amplitude of a 
radio wave is, after penetrating the ionosphere 

E = E0-exp(-;K-dh) (10.7) 

where Eg is the amplitude above the absorption layer. A common practice is to measure the 
noise power P, which is proportional with the square of the wave amplitude. Denoting the 
incident cosmic noise power at the top of the ionosphere by P0 and the noise power 
measured on the ground by P, the absorption A in decibels is given by 
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A [dB] = 101og l 0(iyP) 

= 20-logIO{exp(fK-dh)} 

= 8.69/Kdh (10.8) 

Riometers usually monitor the cosmic noise power at frequencies around 30 MHz, whereas 

the plasma frequency in the D layer, where the noise is most heavily absorbed, seldom 

exceeds a few MHz. Thus, the absorption of waves with frequency around 30 MHz is 

clearly non-deviative and in equation 10.6 we can assume that the real part of the refractive 

index u. = 1. After evaluating the numerical constants in equation 10.6 we can express 

equation 10.8 as 

A [dB] = 4.6-10"5 f — r - ^ dh (10.9) 
J v e

a + (to ± co t t)
: 

when all quantities are in SI units and the integration is carried out over the altitude range 

(hphj where ihe product of the electron density and the collision frequency is significant. 

Equation 10.9 needs still some modifications before it can be applied to calculate the 

cosmic noise absorption. In the original derivation of the Appleton - Hartree formula the 

"frictional" term Z = v^co was assumed to be independent of the electron velocity 

distribution. Sen and Wyller (1960) derived a generalized expression for the complex 

refractive index n = p. - ix in a slightly ionized gas. They showed that in the limit 

v e « to ± æ c e the Appleton - Hartree equation can still be retained if an effective collision 

frequency 

v e f f = 2.5 v e (10.10) 

is inserted into the equations instead of the average collision frequency v c . v c is actually the 

collision frequency of electrons with both neutral molecules/atoms and ions, but as the 

lower ionosphere is only weakly ionized the collisions between electrons and ions can be 

neglected. 

The final formula from which the expected cosmic noise absorption will be calculated 

A ' d B ' - 4 6 i o " J ( 2 . 5 ' g t

v ' ( o 1 , m y h ( i o n ) 
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The mean collision frequency v e was adopted from Thrane (1968), who deduced v e from 

radio wave propagation experiments. Hie collision frequency can be expressed as a function 

of the atmospheric pressure according to the equation 

v e = S-lCP-p [s"1] (10.12) 

when the pressure p is in Pascals. The CIRA (1972) atmosphere for September 1 and 70° N 

was used to calculate the collision frequency as a function of geometric altitude. The results 

for the altitude range where the absorption of waves around the 30 MHz frequency is 

strongest are shown in table 10.1. 

Table 10.1. 

Mean collision frequency v e and atmospheric pressure as a function of geometric altitude. 
The pressure p is according to the CIRA (1972) atmosphere for September 1 and 70° N. 
The collision frequency is given by v e - SlO'-p (Thrane, 1968). 

Height [km] Pressure [Pascal] Collision frequency [s*1] 

40 301 2.40-10" 
45 157 1.2610 1 

50 84 6.7210' 
55 45.0 3.6010' 
60 23.7 1.90'107 

65 12.0 9.60-101 

70 5.82 4.6610' 
75 2.62 2.10-10' 
80 1.10 8.8010 s 

85 0.430 3.44-10s 

90 0.164 1.31105 

95 0.0638 5.10-10' 
100 0.0261 2.0910 4 

105 0.0110 8.8010 s 

110 0.0048 3.84-10! 

II should be mentioned that the effective angular frequency of the riometer, 

æ e f f = a> ± t ^ (10.13) 

in equation 10.11 depends somewhat on the polarization of the riometer antenna. The 

absorption calculated according to equation 10.11 is in fact the vertical "pencil beam" 

absorption. Riometer measurements made with a broad beam antenna should be weighted in 

order to find the vertical narrow beam absorption, before a comparison between the 

calculated and the measured absorption is made. 
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10.2 Calculated vs. measured absorption. 

In this section we will mainly concentrate on the time period 0300 - 0500 UT on 

August 29, but riomeler recordings from some stations of the Scandinavian riometer 

network will also be shown for the disturbed interval 0000 - 0800 UT. During this interval 

(he CEBO-2 balloon was floating near Kilpisjarvi in Finland and, as we shall see later, the 

time history of the cosmic noise absorption measured at Kilpisjårvi resembles strongly the 

time history of the X-ray fluxes measured on board the balloon. 

The geographic positions and the operating frequencies of the riometers used in this 

study are listed in table 10.2. 

Table 10.2 Riomeferstatrons used in this study. 

Station Geographic coordinates Operating 

lat. long. frequency [MHz] 

Ramfjordmoen 69.70 19.00 30.0 

Andøya 69.20 16.00 32.5 

Kilpisjarvi 69.03 20.47 30.0 

Kevo 69.75 27.01 27.6 

Ivalo 68.60 27.41 27.6 

Sodankylå 67.42 26.40 27.6 

Since the measured absorption depends on the operating frequency of the riometer (c.f. 

equation 10.11) it is convenient to normalize the absorption measured at the different 

stations to e.g. the frequency at the riometer in Kilpisjarvi. When the absorption is almost 

entirely confined to altitudes where the collision frequency is much lower than the 

operating frequency of the riometer, it follows from equation 10.11 that the normalized 

absorption A„, i.e. in our case the absorption that a riometer operating at 30 MHz would 

measure, is given by: 

A, = A^ • (f730 MHz) 2 (10.14) 

where Ag, is the absorption measured at the frequency f. During auroral absorption events 

the ionization due to electron precipitation at altitudes below 60 km and we may assume 

that equation 10.14 is valid, except during FCA events when strong ionization down to SO 

km altitude has been observed (see e.g. Reagan and Watt, 1976). 
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Figure 10.1, Cosmic noise absoiption, normalized at 30 MHz, over northern Scandinavia 
from 0000 to 0800 UT on August 29, 1984. Between 0100 and 0700 UT the horizonlal 
distance between the CEBO-2 balloon and Kilpisjarvi was only 50 km. 
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Figure 10.1 shows the measured absorption, normalized at 30 MHz, at the six riometcr 
stations listed in table 10.2, for the interval 0000 - 0800 UT on August 29. The large scale 
temporal variations in the electron precipitation, which are prominent on the lower panel of 
figure 8.7. such as the enhancements at 0345 and 0700 UT, and the pulsation event in the 
Pc-5 frequency range are clearly reflected by the riomcter recordings from all six stations. 
The most striking differences in the absorption are seen at the spikes around 0400 UT, but 
there are also large scale spatial gradients in the absorption during intervals with slower 
temporal variations. Between 0440 and 0500 UT, when the X-ray fluxes measured onboard 
the balloon were almost constant, the absorption measured at Andøya and Ramfjordmocn 
was about 2.8 dB, 2.4 dB at Kilpisjarvi, 3.5 dB at Kevo, 4 dB at Ivalo and 1.8 dB at 
Sodankyla. 

Figure 10.2 shows the X-ray fluxes measured by CEBO-2 in the 25 - 50 keV and the 
75 - 100 keV energy channels (upper curves), the absorption measured at Kilpisjarvi 
(lowest solid curve) and the estimated narrow beam absorption calculated according to 
equation 10.11 (dashed curve) with the electron density profiles measured by EISCAT and 
the collision profile of Thrane (1968) as input. In order to account for zenith angle effects 
and convert the broad beam absorption to narrow beam absorption, the measured absorption 
values were multiplied by a constant k̂ .. A good estimate of la^ is obtained by evaluating 
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Figure 10.2. X-ray fluxes in the 25 - 50 kcV and the 75 - 100 kcV energy channels of 
measured onboard CEBO-2 (upper curves), cosmic noise absorption at 30 MHz measured 
at Kilpisjarvi 0300 - 0500 UT on August 29 (solid curve), and estimated absorption at 30 
MHz, calculated from the electron density profiles measured by EISCAT above Kilpisjarvi. 
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the weighted integral of cos" l0 over the receiving angle of the Horneter antenna, where 6 is 
the zenith angle. For the riometer at Kilpisjarvi the numerical value of k^ is 0.83 
(Hargreaves et al. r 1987). The integration of equation 10.11 was carried out over the 
altitude range 68 to 103 km, the "true" electron density was calculated from equation 8.8, 
i.e. taking into account the finite Debye length and the presence of negative ions. The 
integration time for the electron density profiles was one minute, and none of the measured 
profiles was excluded when the estimated absorption was calculated. As expected the 
temporal variations in the measured CNA follow very closely the temporal variations in the 
X-ray fluxes, since electrons in the same energy range are responsible for the generation of 
the X-rays and the cosmic noise absorption. Although the estimated absorption curve is 
somewhat rougher than the measured one, the two curves show in general a good 
consistency for our choice of collision frequency profile. A possible explanation on the 
roughness of the estimated absorption curve is that the high energy electron precipitation 
consists of small spatial structures superimposed on a more or less uniform precipitation 
(Olafsson and Ullaland, 1989). The beamwidth of a broad beam riometer antenna is 
typically on the order of 60°, whereas the beamwidth of EISCATs UHF antenna is only 
0.6'. A small scale structure with enhanced precipitation, or void of precipitation, and with 
horizontal extension of, say, 10 km, moving through the radar beam will clearly be visible 
in the time history of the electron density at a fixed altitude or in the column electron 
content of a given altitude range, but such a small structure will only have a minute effect 
on the CNA as recorded by a broad beam riometer. We have not been able to identify 
precipitation structures of this kind in the recordings from the inclined X-ray detectors for 
this period. A balloon borne X-ray camera with better spatial resolution would be desirable 
to study Ihe nature of s*jch spatial irregularities in the energetic electron precipitation. 

Earlier comparative studies of measured and calculated absorption during auroral events 
have been made with riometers at Ramfjordmoen and the UHF antenna of EISCAT directed 
vertically. In the local evening hours the measured and the calculated absorption values 
show very good temporal and spatial correspondence (Ranta et al., 1985, Turunen and 
Ranta, 1986). In the local morning hours (0400 - 0800 UT) an absorption curve, calculated 
by Turunen and Ranta, during a SVA event shows the same behaviour as the absorption 
curve calculated by us and shown in figure 10.2; it is much rougher than the curve of the 
measured absorption, although the large scale agreement between the measured and the 
calculated values are satisfactory. Both Ranta et al. and Turunen & Ranta used the same 
electron-neutral collision frequency as we adobted from Thrane (1968). 

As mentioned above the expected absorption values shown in figure 10.2 were 
calculated by integrating equation 10.11 over a fixed altitude range, namely 68 to 103 km. 
When the effective electron loss rates were derived for five selected intervals within the two 
hours 0300 - CJ00 UT, as described in chapter 9, we restricted our analysis to altitudes at 
which the electron density N e exceeded 4 1 0 ' m"s. We have also calculated the expected 
average absorption for each of the same five intervals, but now we integrated equation 
10.11 only over the height range where the electron density exceeded 4 1 0 ' m"3. For the 
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Figure 10J, Differentia] absorption profiles for five intervals with almost constant X-ray 
fluxes. 



109 

first interval, 0310:40 - 0317:40 UT, the lower altitude limit, t w was set to 82 km. 
because the individual electron density profiles below were strongly divergent at lower 
altitudes. The differential absorption profile for each interval is shown in figure 10.3 and 
the calculated total absorption is given in table 10.3, together with the equivalent zenithal 
(pencil beam) absorption in Kilpisjarvi. 

Table 103 . Calculated vs. measured absorption at 30 MHz. 

Interval bmin Calculated Measured 
[km] absorption absorption 

[<JB] [dB] 

0310:40-0317:40 UT 82.0 0.25 0.7 
0348:40-0352:40 - 72.5 1.5 1.9 
0354:40-0402:40 - 72.5 2.0 2.2 
0410:40-0417:40 - 71.5 1.6 1.9 
0440:40-0500:40 - 68.0 1.6 1.9 

The calculated values are always a little lower than the measured ones. At least a part of 
the explanation is without doubdt that even though the free electron density is under the 
limit 4 1 0 ' m"3 below h,,^, it still contributes significantly to the absorption because the 
collision frequency increases rapidly with decreasing altitude, making the product of N e and 
v e big enough to contribute to the absorption below the lower integration limit h,,^. For all 
five intervals the maximum diferential absorption was found around 90 km altitude, where 
also the highest electron densities were measured during this precipitation event. The 
differential absorption profiles in figure 10.3 clearly show that the CNA during this event is 
restricted to altitudes below 100 km, i.e. to the D region and the lowest part of the E 
region. 

10.3 Conclusions. 

To summarize the results of this chapter we have found that: 

1) The riometer recordings from northern Scandinavia and the X-ray measurements from 
the CEBO-2 balloon reflect roughly coherent large scale temporal variations in the high 
energy electron precipitation between 0000 and 0800 UT on August 29. 

2) When the balloon was floating within the field of view of the riometer in Kilpisjarvi the 
faster temporal variations of the X-ray fluxes and the CNA show very good 
correspondence. 
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3) The expected CNA, calculated from the electron density profiles measured by EISCAT 
above 68 km altitude, shows in general a good agreement wiUi the CNA measured in 
Kilpisjarvi. 

4) Short intervals with rather poor agreement between the measured and calculated 
absorption are probably signs of small scale spatial structures in the electron precipitation. 



CHAPTER 11 

in 

ENERGY SPECTRAL VARIATIONS DURING ELECTRON 
PRECIPITATION EVENTS IN THE MORNING SECTOR 

As previously mentioned continuous moderate to strong X-ray fluxes were observed 
during the whole flight of the CEBO-2 balloon. Especially during the SVA events starting 
around 0335 UT and 0650 UT on August 29 the X-ray fluxes were intense, as shown on 
the lower panel of figure 8.7. In this final chapter the variations of the X-ray energy 
spectrum during the interval from 0300 UT to 0900 UT on August 29 will be examined and 
examples of estimates of the primary electron energy spectra will be presented. To our 
knowledge there exist no simultaneous measurements of particle fluxes or of the magnetic 
field variations at conjugate regions in the magnetospherc and no emphatic attempt will be 
made to use the ground based and balloon measurements alone for diagnosis of the 
magnetospheric processes that controlled the precipitation of energetic electrons during 
these events. 

11.1 Variations of the X-ray spectrum. 

In several earlier works on balloon bome observations of auroral X-rays the energy 
spectral variations of the X-rays during SVA events have been examined (see e.g. Kremser 
et al., 1973, Kangas et al., 1974 and Kangas et al., 1975). In the events discussed in these 
papers a general softening of the X-ray spectrum was found during Ihe increasing pari of 
the SVA events, with a subsequent hardening towards the end of the events. 

The SVA event starting around 0335 UT is presumably related to a substorm onset 
taking place to the west of Churchill, Canada (cf. chapter 9). Figure 11.1 shows the X-ray 
fluxes in the energy channels 2 5 - 5 0 keV and 75 - 100 keV (upper curves) measured by 
the omnidirectional detector of the CEBO-2 balloon, between 0300 UT and 0500 UT on 
August 29. The lowest curve on the figure shows an energy spectral parameter R defined 
by 

I (75 - 100 keV) 
R = (11.1) 

I (25 - 50 keV) 

where 1 denotes the counl rates in the respective energy channels. The data shown in figure 
11.1 are the same as those shown in figure 9.2, except that the energy channel 75 - 100 
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Rugust 29 , 198-9 

0300 0315 0330 0345 0400 0415 0130 0115 0500 
Tl. m e , UT 

Figure 11.1. X-ray measurements from the CEBO-2 balloon from 0300 UT to 0500 UT 
on August 29, 1984. From top: (i) The X-ray count rates in the 25 - 50 keV energy 
channel (1(25-50 keV)), (ii) X-ray count rates in the 75 - 100 keV channel (1(75-100 
keV)), and (iii) the spectral parameter R = 1(75-100 keV)/](25-50 keV). The primary 
electron spectra were estimated at the points of time indicated by the arrows. 

keV is used instead of the 100 - 150 keV energy channel. Figure 11.2 shows the 
corresponding data for the interval 0500 UT to 0900 UT. 

As mentioned in chapter 9 the X-ray spectrum is hardest at the beginning of the SVA 
event starting at 0335 UT; the peak of the spectral parameter R is observed about 15 
minutes prior to the peak of the X-ray fluxes. Immediately after R reaches its maximum 
value it starts to decrease, but the softening of the X-ray spectrum is much slower than the 
hardening at the beginning of the SVA event. Shortly after 0400 TJT the most intense X -
ray fluxes were observed and at that time R had decreased to a value midway between the 
value observed before the SVA event and the maximum value of R at 0345 UT. The 
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figure 11J. Same as figure 11.1, but for the interval 0500 UT to 0900 UT on August 29, 
1984. 

sudden reduction in the X-ray fluxes around 0405 UT also shows up as reduction in the 
spectra] parameter R. After the recovery of this sudden reduction R does not change 
considerably until a pulsation event, with a period of about 230 seconds, appears in the X -
ray fluxes at 0423 UT and R increases quickly simultaneously with the X-ray intensities. 
Onwards in the pulsation event the X-ray fluxes and R vary in phase, except in the deepest 
intensity minimum at 0431 UT, when R is at maximum. However, the fluctuations in R 
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during the pulsation event are small as compared with the variations at the beginning of the 
SVA event. Between 0400 UT and 0535 UT the electric field measurements from the 
CEBO-2 balloon show signs of a thunderstorm somewhere near the balloon. Especially 
around 0430 UT the vertical component of (he electric field changes rapidly, but any causal 
relationship between the pulsations in the X-ray fluxes and the electric field generated by 
the thunderstorm is rather unlikely. 

After che pulsation event the X-ray spectrum hardens gradually and at 0515 UT it is 
even harder than at 0345 UT, at the beginning of the first SVA event. Between 0500 UT 
and 0550 UT there is a general decrease in the X-ray intensity. Sometime between 0555 
UT and 0610 UT the X-ray fluxes start to increase slowly and simultaneously the spectrum 
softens. Signs of an intensification of the westward electrojet were seen in the magnetic 
recordings from Leirvogur, Iceland, and Narssarssuaq, Greenland, at 0535 UT. The 
increased X-ray fluxes around 0600 UT are possibly related to the intensification of the 
electrojet. 

A strong precipitation event was observed in the X-ray measurements and the riometer 
recordings from northern Scandinavia around 0700 UT. The X-ray fluxes in the highest 
energy channels started to increase at a slow rate at 0649 UT. At 0656 UT the count rates 
in all energy channels rise rapidly towards a maximum at 0705 UT. The maximum value of 
the spectral parameter R during this event was observed at 0700 UT, i.e. only 5 minutes 
prior to the peak in the X-ray fluxes. Between 0713 UT and 0716 UT the total X-ray 
fluxes decreased by a factor of two, and simultaneously the energy spectrum softened. From 
0720 UT and onwards the X-ray intensity decreased more slowly, and R increased 
continuously for the rest of the inten'al examined. At 0815 UT pulsations with a period of 
250 seconds, i.e. in the Pc 5 frequency range, appear in the X-ray recordings from the 
CEBO-2 balloon. The amplitude of these pulsations is considerably lower than the 
amplitude of the pulsations starting at 0423 UT; the intensity ratios of maximum to 
minimum X-ray fluxes were 5 and 1.5 for the first and the second pulsation event, 
respectively. The spectral parameter R was insignificantly affected by the intensity 
fluctuations of this latter event. 

The magnetic recordings available to us cover poorly the local midnight sector at this 
time. The recordings from Churchill and Baker Lake, Canada, do not show any signs of 
substorm activity near the locations of these stations that could be related to the enhanced 
precipitation over northern Scandinavia around 0700 UT. However, il can not be ruled out 
that the precipitation event is somehow relaled to a minor intensification of the westward 
electrojet seen on the magnetic recordings from Leirvogur, Iceland, and Narssarssuaq, 
Greenland, around 0630 UT. 

The variations in the X-ray energy spectra during the two SVA events shown in figures 
11.1 and 11.2 show similar trend; the spectra are hardest at the beginning of the events, 
soften during the periods of most intense X-ray fluxes and then harden continuously 
towards the end of the events. One main difference is that during the whole second event 
the spectrum is much harder than during the first one. Another striking difference is that the 
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peak in R is observed IS minutes prior lo the peak in the X-ray fluxes in the former event, 
while the corresponding time difference for the latter event is only five minutes. 

11.2. Primary electron energy spectra. 

Figures 11.3 to 11.9 show 21 estimated primary electron spectra, inferred from the X -
ray measurements from the CEBO-2 balloon, from the time interval 0300 UT tu 0900 UT 
on August 29. As before the procedure described in chapter 5 was used to derive the 
electron energy spectra. We recall that the method gives the approximate form of the 
electron spectra, and that too much attention should not be paid to small irregularities or 
details of the estimated spectra. The integration time for the X-ray fluxes depends on the 
temporal structure of the data. During intervals with slow variations in the X-ray intensities 
an iniegration time of several minutes was used, but when the X-ray fluxes and/or the 
spectral parameter R varied rapidly the integration time was decreased to 0.5 or 1.0 minute. 
The majority of the estimated spectra shown in figures 11.3 to 11.9 were derived for the 
first 30 minutes of each of the SVA events discussed above. Thus, the derived spectra 
cover the intervals of increasing X-ray intensities at the beginning cf the events, as well as 
the intervals of declining spectral parameter R. A few spectra derived for the pre-onset 
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Figure 113 . Estimated electron energy spectra inferred from X-ray measurements on board 
the CEBO-2 balloon. Spectra during the pre-onset period and the initial phase of the 
former SVA event on August 29, 1984. 



August 29, 1984 

10° 

T 10J 

e 10' 

% 10' 

7 10 ! 

fl
u

x 

10' 

it
ro

n
 

10° 

10' 

10" 

° - 0345:40 - 0346:40 Ut 
° - 0350:40 - 0351:40 Ull 
« - 0355:40 - 0356:40 UT 
• - 0400:40 - 0401:40 UT! 

10" 

IO5 

10' 

10' 

IO2 

10' 

10° 

10'' 

10" 
0.0 100.0 200.0 300.0 100.0 50D.0 600.0 700.0 600.0 

Electron energy [keV] 

Figure 11.4. Same as figure 11.3, but for the period of increasing X-ray fluxes during the 
former SVA event on August 29, 1984. 
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Figure 11.5. Same as figure 11.3, but for the main- and recovery phases of the former 
SVA event on August 29, 1984. 
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latter SVA event on August 29, 1984. 
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Figure 11.8. Same as figure 11.3, but for the main phase and the beginning of the recovery 
phase of the latter SVA event on August 29, 1984. 
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Figure 11.9. Same as figure 11.3, but for the recovery phase of the latter SVA event on 
August 29, 1984. 
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periods, and spectra for the late phases of the SVA events are also shown. For the sake of 
clarity only four energy spectra are plotted on each figure. In order to visualize the 
temporal development of the energy spectra the figures overlap by one spectrum; the first 
spectrum on each figure is the last spectrum of the previous figure. 

The form of the estimated primary electron spectra shown on figures 11.3 to 11.9 is 
varied, but the spectra can be divided into three main groups according to their 
characteristics: 

1) Many of the spectra are well approximated by an exponential function of the form 

S(E) = constant-ex^-E/Ea) (11.2) 

where E is the electron energy and E,, is the e-folding energy of the spectrum. 

2) Some of the spectra are better approximated by two exponential functions with two 
different e-folding energies, one for the low energy part of the spectrum and another for 
the high energy part. 

3) The third group consists of spectra that can be considered as a superposition of one or 
two exponential spectra, and a broad asymmetric enhancement or peak. The maxima of 
the peaks for the spectra considered were found at electron energies between 110 and 
300 keV. 

It must be emphasized that the divisions between the three classes seems not to be sharply 
marked. 

The characteristics of the individual estimated electron spectra are summarized in table 
11.1. In the table the energy range over which a spectrum can be represented by a single 
exponential function (c.f. equation 11.2) is given, for both the low energy part [Ej.E-] and 
the high energy part [Ej,E<] of the spectrum. For spectra of group 3 both the e-folding 
energy of the exponential components) and the approximate location of the peak maximum 
is given in the table. 
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Table 11.1. 

Characteristics of estimated primary electron energy spectra on August 29, 1984: 
Eo is the e-folding energy of the part of the spectrum lying within the energy 
range [E,,EJ or [Ej,EJ. For spectra consisting of an exponential component and 
a peak the peak maximum is located approximately at E ^ . Energies are in keV. 

Low energy part High energy part 

Time, UT E, E, E. E, E, E„ Epeak 

0310:40 • - 0317:40 30 100 18 110 500 37 
0337:40 -- 0338:40 30 600 41 
0341:40 • - 0342:40 30 600 52 
0345:40 -- 0346:40 30 360 60 360 600 33 200 
0350:40 -- 0351:40 30 340 52 340 600 31 170 
0355:40 -- 0356:40 30 600 34 150 
0400:40 -- 0401:40 30 600 35 120 
0410:40 -- 0421:40 30 600 50 120 
0440:40 -- 0500:40 30 180 38 180 600 63 
0543:00 -- 0547:30 30 600 69 
0622:30 -• 0636:00 30 600 52 
0651:00 -• 0651:30 30 600 52 
0654:00 -• 0654:30 30 600 61 
0658:00 -• 0658:30 30 600 56 220 
0701:30 -• 0703:00 30 600 41 300 
0704:00 -• 0704:30 30 600 46 220 
0709:00 -• 0709:30 30 600 46 180 
0713:00 -• 0715:30 30 240 85 340 500 34 
0722:00 - 0726:00 30 600 53 
0747:00 - 0752:30 30 600 62 
0854:00 - 0859:30 30 600 92 

Figures 11.10, 11.11 and table 1.11 show the temporal development of the primary 
electron spectra for the former and for the latter precipitation events, respectively. From 
figure 11.10 and tabic 11.1 we note that the spectra consisting of an exponential component 
and an enhancement, or peak, are observed during the initial phases of the enhanced 
precipitation events. We also note that the enhancement appears at successively lower 
energies during the initial phase of the former event. Similar trend is also observed during 
die latter event, but it is less pronounced than during the first event. 

Figures 11.5, 11.9 and table 11.1 show that the primary electron energy spectra harden 
progressively through the decay phases of both the precipitation events, in accordance with 
the trend in the spectral parameter R shown in figures 11.1 and 11.2. The hardening of the 
electron spectra is particularly prominent after 0700 UT; the e-folding energy E^ increases 
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Figure 11.10. Temporal development of the estimated primary electron energy spectra 
during the first SVA event on August 29, 1984. 

August 29, 1984 

Figun 11.11. Same as figure 11.10, but for the latter SVA event on August 29, 1984. 



122 

from 53 keV around 0725 UT to 62 keV around 0750 UT and still further to 92 keV at 
0855 UT. 

We recall from chapter 1 that the present study does not include an investigation of the 
magnetospheric processes responsible for the energetic electron precipitation observed 
during the CEBO campaign. Thus, only a brief interpretation of the estimated electron 
spectra and the relationship with magnetospheric processes will be given. 

Energetic electron precipitation events occurring in the in the morning sector of the 
auroral zone, in the absence of local geomagnetic activity are generally assumed to be 
associated with substonn injection of energetic electrons near local midnight. The injection 
of plasma into the middle and inner regions (< 8 earth radii) of the earths magnetosphere at 
the onset of a substorm is characterized by a sudden appearance of hot plasma (see e.g. 
Moore et al., 1981, and Mauk & Meng, 1987). Plasma measurements from satellites at and 
near geosynchronous orbit show that the injection appears as a simultaneous enhancement 
in the fluxe:. of all particle species and over a wide energy range, i.e. the plasma injection 
in the midnight sector is dispersionless. After the injection the energetic electrons and 
prolons drift in opposite directions under the influence of gradient and curvature of the 
geomagnetic field (see e.g. Sletten et al., 1971, Kremser et al., 1973, Lazutin, 1986 and 
references therein, Torkar et al., 1987). The electrons drift eastward from the injection 
region, with the most energetic particles drifting fastest. The precipitation of a part of these 
electrons is usually ascribed to pitch angle diffusion of the electrons into the loss cone, due 
to the interaction of whistler mode waves with the electron population. A theoretical 
description of pitch angle diffusion is given by Kennel and Petschek (1966). In the work of 
Kennel and Pcts.:hck it was shown that a sufficiently anisotropic electron population could 
act as an energy source capable to amplify whistler mode waves. The whistler mode waves 
would in rum act back on the electrons and cause pitch angle scattering of some of the 
previously trapped electrons into the loss cone, which thereby will be precipitated into the 
upper atmosphere. Simultaneous satellite measurements of both energetic electron fluxes 
and whistler mode ELF/VLF waves (i.e. electromagnetic waves in the frequency range 0.2 
to 2 kHz) support the predictions of this model (Cornillcau-Wehrlin et al., 1985). High 
time-resolution measurements of precipitating electrons, from a satellite at low altitude, 
indicate that the morning side precipitation usullay occurs in short bursts with a very abrubt 
transition between intense precipitation and no precipitation (Trefall and Williams, 1979). 
The fine time structure of the X-ray fluxes during the precipitation events on August 29, 
1984, will not be investigated in the present study. 

The spectral variations of the X-rays and the primary electrons during the SVA event 
starting around 0335 UT on August 29 fit nicely into the frame of the aforementioned 
model of energetic electrons drifting eastward from an injection Tegion near local midnight. 
The hard electron energy spectra observed at the beginning of the event are consistent with 
the predictions of the model that the most energetic electrons arrive first in the local 
morning sector, because ol their high drift velocity. The softening of both the electron and 
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X-ray spectra between 0345 UT and 0410 UT can be interpreted as a sign of drift 
dispersion; electrons with lower energy (and thereby lower drift velocity) will arrive later 
than the most energetic electrons. The broad peak or enhancement which appears at 
successively lower energies in the estimated electron spectra between 0345 UT and 0402 
UT confirms this interpretation. 

The hardening of the energy spectra during the decay phase of the event is probably 
caused by the precipitation mechanism itself. Abdu (1971) calculated the energy loss of 
drifting particles mirroring at low altitudes, taking into account inelastic collisions with the 
atmosphere. The calculations showed that the lower energy electrons loose a larger fraction 
of their energy than do the higher energy electrons, resulting in progressively harder energy 
spectrum of the electrons as they drift eastward from the midnight sector. Kangas et al. 
(1974) argued that a combination of energy dependent effects of pitch angle scattering, 
inelastic collisions with the atmospheric gases and changes in the source energy spectrum in 
the midnight sector, was responsible for the hardening of the energy spectra towards the 
end of SVA events. Other explanations of spectral hardening include additional particle 
acceleration due to inward radial diffusion under the influence of the magnetospheric 
convective electric field, or caused by violation of the adiabatic invariants (Lazutin, 1986, 
and references therein). From die data obtained from the measurements by one balloon in 
the auroral zone it is not possible to determine the relative importance of the various 
mechanisms that can be responsible for the hardening of the electron and X-ray energy 
spectra during the decay phase of this SVA event. We can only conclude that the observed 
spectral hardening is consistent with earlier observations of similar events in the morning 
sector. 

The precipitation event starting shortly before 0700 UT on August 29 is not as clearly 
related to substorm activity in the auroral zone as the event discussed above, as we have 
not been able to identify where the electron injection occurs. The temporal developement of 
the X-ray and electron energy spectra show many of the same features as the spectra 
during the former event; the spectra are hardest at the begining of the event, then soften 
over a period of about 20 minutes and finally the spectra harden progressively towards the 
end of the event. In general the spectra are harder during the latter event than during the 
former event. A possible explanation is that the energy spectrum of the drifting electron 
population progressively hardens as it drifts eastward from the injection region, due to one 
or more of the energy dependent loss mechanisms mentioned above, rather than being a 
sign of hotter plasma injected into the inner magnetosphere in the latter event than in the 
former event. 

11.3 Conclusions. 

A qualitative study of X-ray energy spectra measured on board a balloon, and of 
primary electton energy spectra, estunated from the X-ray measurements, during two 
electron precipitation events in the local morning sector on August 29, 1984, show that: 
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1) The energy spectra harden rapidly at the beginning of the precipitation events. 

2) The hardest energy spectra are observed a few minutes earlier than the peak of the X -
ray fluxes. 

3) The spectra soften later on in the initial phase of the precipitation events. 
Simultaneously, a broad peak or enhancement appears at successively lower energies in the 
estimated electron energy spectra. The spectral softening and the enhancement propagating 
towards lower energies are presumably signs of drift dispersion of the electron population. 

4) The spectra harden progressively towards the end of the precipitation events. 

It should be kept in mind that great care must be shown in relating measurements from a 
single balloon in the auroral zone to magnetospheric processes and parameters if no 
simultaneous measurements from the magnetosphere are available. However, we find it 
reasonable to conclude that the aforementioned observations are consistent with current 
theories of energetic electron precipitation in the morning sector of the auroral zone, 
occ"*"*iog in the absence of local magnetic activity. 

In final conclusion, the present analysis of coordinated balloon measurements of auroral 
X-rays and E1SCAT measurements of the electron density in the lower ionosphere, 
combined with traditional ground based measurements of cosmic noise absorption and 
magnetic activity, shows a general coherence of the data set when viewed in the light of 
present large scale and mesoscale models of energetic electron precipitation and its effects 
on the lower ionosphere in the auroral zone. 
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Discrete vs. continuous electron spectra. 

In chapter 5 it was stated thai the use of monoenergetic electron beams instead of a 
continuous electron spectrum would nol affect the resultant bremsstrahlung spectrum 
seriously, when the computer code based on the results of Seltzer et al. (1973) is used to 
calculate the X-ray fluxes. We have partially examined the validity of this statement as 
described below: 

The expected X-ray fluxes in each of the energy bins of the unshielded X-ray 
spectrometer (see equations 5.6a to 5.6e), at an atmospheric depth of 4.0 g cm"2, due to 
electrons with an exponential spectrum in the energy range 250 to 290 keV were calculated 
by two approaches: 

1) The electron spectrum was compressed into two monoenergetic beams, 260 and 280 
keV, by applying equation 5.9, and the X-ray fluxes computed by the code described in 
chapter 5. 

2) The X-ray fluxes due to an electron spectrum consisting of monoenergetic beams spaced 
1 keV apart in the energy interval 250 to 290 keV were calculated, according to equations 
5.2, 5.3 and 5.4. This electron energy spectrum can, for all practical purposes, be regarded 
as continuous. 

The electron energy interval was chosen such that X-rays would be observed over the 
whole energy range 25 - 200 keV. The resultant X-ray fluxes due to electron spectra on 
the form 

S(T) = lC-VexpC-T/Eo) (A.l) 

with the E-folding energy E„ ranging from 20 to 100 keV are shown in table A l . The X -
ray intensities, calculated according to the two approaches, are in very good agreement for 
E-folding energies above 40 keV. For Eg = 20 keV the X-ray fluxes due to the discrete 
spectrum are about S % lower than for the continuous spectrum, but for Eg = 40 keV the 
difference is less than 1.5 % 

The electron spectra observed during the most extensively studied part of the CEBO 
campaign were always harder than an exponential spectrum with an E-folding energy of 30 
keV. Therefore, we conclude that the compression of the electron spectra into 
monoenergetic beams does not introduce remarkable errors into the expected X-ray fluxes 
calculated in connection with the analysis of this set of data. 
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TABLE A l . 

Expected X-ray intensities, in counts s~] cm"3, due to exponential electron spectra with E -
folding energy EQ, calculated according to approaches 1 (column 1) and 2 (column 2). 

Energy bin E, = 20 leV E„ = : 301teV E, = 40 ksV 

(1) (2) ( i ) (2) («) (2) 
2 5 - 5 0 keV 0.2478 0.2618 14.07 14.42 98.1 99.6 
5 0 - 7 5 - 0.1751 0.1850 9.96 10.21 69.5 70.5 
7 5 - 1 0 0 - 0.0853 0.0891 4.86 4.93 33.9 34.1 
100 - 150 - 0.0645 0.0675 3.68 3.75 25.8 26.0 
1 5 0 - 2 0 P - 0.0224 0.0229 1.29 1.28 9.02 8.94 

Ej = 50 keV Ej = 60 keV Ej = 80 keV 

(1) (2) (1) (2) (1) (2) 
25 - 50 keV 301.6 308.8 612.2 617.1 1410.8 1415.6 
5 0 - 7 5 213.6 218.9 434.1 437.4 1000.8 1003.8 
75 - 100 - 104.5 106.0 212.1 211.8 489.2 486.5 
100 - 150 - 79.4 81.1 161.2 162.0 372.1 272.5 
150 - 200 - 27.8 27.9 56.5 55.9 130.7 128.8 

(1) (2) 
25 - 50 keV 2220. 2217. 
5 0 - 7 5 1576. 1573. 
75 - 100 - 770. 763. 
100 - 150 - 586. 584. 
1 5 0 - 2 0 0 - 206. 202. 
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Atmospheric model and penetration depth of electrons. 

Penetration depth (or range) of electrons in air, according to equations 6.2 and 6.3, together 
with the pressure, geometric height, mass density and molecular cumber density at the 
lowest altitude of penetration in the CIRA (1972) atmosphere for September 1 at 70" N. 

Energy Range Pressure Height Mass Number 
[keV] [kgnf'J [Pa] [km] density density 

[kg m- !] [m'l 

1000 4.41 45.0 55.0 5.82-IO-1 1.2010= 
900 3.81 37.0 56.6 4.70 - 9.801021 

800 3.25 33.0 57.6 4.10 - 8.30 -
700 2.70 26.5 59.2 3.50 - 7.30 -
650 2.44 23.5 60.0 3.20 - 6.40 -
600 2.19 21.5 60.9 2.90 - 5.80 -
550 1.94 19.0 61.7 2.60 - 5.20 -
500 1.70 17.5 62.5 2.35 - 4.80 -
475 1.59 14.5 63.2 2.15 - 4.40 -
450 1.48 13.6 63.7 2.00 - 4.10 -
425 1.36 12.8 64.3 1.90 - 3.80 -
400 1.26 12.2 64.8 1.75 - 3.60 -
380 1.17 11.3 65.3 1.65 - 3.35 -
360 1.09 10.4 65.7 1.55 - 3.10 -
340 1.00 9.8 66.3 1.45 - 2.95 -
320 0.925 9.1 66.8 1.34 - 2.90 -
300 0.847 8.3 67.5 1.23 - 2.50 -
280 0.770 7.6 68.1 1.12 - 2.30 -
260 0.696 7.0 68.7 1.03 - 2.10 -
240 0.624 6.2 69.5 9.5010 s 1.93 -
220 0.554 5.5 70.3 8.50 - 1.73 -
200 0.486 4.65 71.4 7.69 - 1.57 -
180 0.404 3.86 72.5 6.39 - 1.35 -
160 0.329 3.14 73.8 5.27 - 1.15 -
140 0.260 2.48 75.3 4.23 - 8.70-10* 
120 0.199 1.90 76.7 3.28 - 6.80 -
110 0.171 1.63 77.6 2.84 - 6.00 -
100 0.145 1.38 78.3 2.42 - 5.10 -
90 0.120 1.15 79.6 2.04 _ 4.30 -
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Energy Range Pressure Height Mass Number 
[keV] [kg mr2] [Pa] [km] density density 

[kg m-5] Im'] 

1.6910-' 3.55-10" 
1.35 - 2.85 -
1.05 - 2.20 -
7.74-10-* 1.60 -
6.43 - 1.33 -
5.26 - 1.06 -
4.17 - 8.7010" 
3.19 - 6.60 -
2.29 - 4.80 -
1.53 - 3.25 -
1.27 - 2.65 -
1.02 - 2.13 -
7.9210"' 1.67 -
5.91 - 1.24 -
4.17 - 9.2010" 
2.71 - 5.80 -
1.50 - 3.14 -
1.03 - 2.24 -
6.4010-' 1.35 -

80 0.0978 0.93 81.0 
70 0.0774 0.74 82.2 
60 0.0591 0.565 83.5 
50 0.0430 0.410 85.5 
45 0.0357 0.340 86.3 
40 0.0291 0.278 87.5 
35 0.0230 0.220 88.6 
30 0.0176 0.164 90.0 
25 0.0128 0.122 91.6 
20 0.00864 0.083 93.7 
18 0.00719 0.069 94.0 
16 0.00585 0.056 95.5 
14 0.00463 0.044 97.0 
12 0.00354 0.0335 98.5 
10 0.00257 0.0245 100.6 
8 0.00174 0.0165 102.7 
6 0.00105 0.0100 105.7 
5 0.000764 0.0073 107.5 
4 0.000517 0.0048 110.0 
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Efficiency of the scintillation counters. 

As mentioned in chapter S the X-ray fluxes measured by the balloon borne scintillation 
counters are not exactly equal to die actual X-ray fluxes outside (he detectors. The output 
of the computer code described in chapter 5 gives the expected X-ray fluxes outside the 
detector, and the measured X-ray fluxes must be modified before a comparison between 
measured and expected X-ray fluxes is made. We have not carried out any detailed study 
of the relationship between the X-ray fluxes outside a detector and the output X-ray count 
rates from the same detector. Instead we assume that the auroral X-ray fluxes in the energy 
range [E,, E,] outside the detector are approximately given by 

W E i . EJ = (1JE,. E,] - IB[E„ E2])-6[E1, EJ (A.2) 

where l m denotes the measured X-ray fluxes, I B is the intensity of background radiation due 
to the decay of cosmic rays in the atmosphere and E[E„ EJ is an "efficiency factor" for the 
energy bin [E,, Ej] of the scintillation counter. The background radiation intensity in the 
five energy bins is obtained during intervals with no auroral precipitation. For our purposes 
a satisfactory estimate of the efficiency factor s for each of the five energy bins is obtained 
by taking into account: 

1) Attenuation (as a function of photon energy) in the aluminium housing encapsulating the 
scintillation crystal. 

2) The absorption efficiency of the scintillation crystal as a function of energy. 

3) The measured pulse-height spectrum of monoenergetic X-ray photons will consist of a 
peak corresponding to the photon energy, in addition to a continuum below the peak, 
corresponding to Compton scattered photons escaping from the crystal before they are 
totally absorbed. The ratio of the number of pulses within the peak to the total number 
of pulses (commonly called the peak/total ratio) must be considered. 

As a first approximation we associated a pure (energy dependent) loss coefficient with each 
of the points 1, 2 and 3. The numerical values of the coefficients were obtained from an 
infomvlion catalogue supplied by the manufacturer of the scintillation counters (Harshaw 
Chemical Company, Cleveland, Ohio, USA). The loss coefficients were evaluated for 
energies corresponding to the geometric mean of the energy limits of each of the five 
energy bins used on the CEBO balloon X-ray spectrometers, an finally combined to yield 
the estimated efficiency factors E. 
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The cosmic ray background count rates ] B at the 4 millibar pressure level, and the 

efficiency factors c for the five energy bins are listed in table A.2. 

Table Æ2. 

Measured background count rates 1 B and estimated efficiency factors e for the 

five energy bins of the X-ray spectrometers. 

Energy bin [keV] I B [counts/second] E 

2 5 - 7 5 26.8 1.11 

5 0 - 7 5 23.2 1.05 

75 - 100 15.3 1.10 

100 - 150 20.8 1.21 

150 - 200 10.8 1.35 
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