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MONOGRAThe dynamics of energetic electron precipitation during substorms

Utilization of the remote sensing technique of X rays

N. Østgaard

Abstract. Based on the remote sensing technique of X rays this thesis is devoted to the study of the dynamic
energetic precipitation during substorms. In this monograph the remote sensing techniques at different wave
are discussed, with emphasize on their ability to infer spectral information about the electron precipitation. Pre
studies about the energetic precipitation are reviewed in order to put the 5 papers that constitutes the thesis
scientific historical context. It is found that the development of substorms does not reveal the same characte
when examining different electron energies. This is obvious from a case study of the substorm triggering pro
based on multi-satellite measurements. Onsets and intensifications of precipitation during substorms may not
involve both soft and energetic electrons and hence onsets can be identified differently when examining diffe
energies. The difference in solar wind input energy prior to the events seems to be important for the differen
observed. From a statistical study when comparing ultraviolet emission and X rays a localized maximum of
energetic electron precipitation in the morning sector delayed with respect to substorm onset is clearly seen in
ray aurora, but only occasionally in the ultraviolet substorm. The time delay of this morning precipitation relati
substorm onset strongly indicates that this intensification is related to electrons injected in the midnight secto
drifting into the dawnside magnetosphere. To explain the morning maximum of X-ray emission it is suggeste
the unstably quasi-trapped electrons cause growth of VLF waves, which act back on the electrons and effec
scatter them into the loss cone. In contrast to the other remote sensing techniques at other wavelengths the d
of electron energy information from X rays provide a multi-parameter representation of the electron precipita
and thus determines both the low- and high-energy range of the electron spectrum. Contrary to the auroral em
at other wavelengths that are contaminated by sunlight or sunlight generated emissions, the auroral X rays c
successfully be detected both at the dayside and the nightside of the Earth. Thus X rays are found to be favou
estimating the global energy input into the ionosphere.

elliptical orbit (1.8 x 9 R ) the PIXIE camera provides
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1. Introduction
This thesis is devoted to the study of energetic electron precipi-

tation during substorms utilizing the remote sensing technique of
X rays. A main goal of this thesis has been to evaluate the proper-
ness of the X-ray measurements and to develop tools to extract
spectral information about the energetic electron precipitation that
has generated the X rays. With the use of these tools spatial and
temporal information about the X-ray features can provide new
insight about the dynamics of the energetic electron precipitation.
While other remote sensing techniques like ultraviolet and visible
imaging sense emissions that are dominantly produced by low
energy electrons (<10 keV), the X-ray imagers respond to elec-
trons of higher energies. The two X-ray experiments described in
this thesis measured X rays in the energy range from 5.6 keV up to
100 keV (Pulsaur II, rocket experiment [Stadsnes et al., 1995])
and from ~3 keV up to ~60 keV (The Polar Ionospheric X-ray
Imaging Experiment, PIXIE [Imhof et al., 1995]). As this is X-ray
bremsstrahlung produced by the precipitating energetic electrons
into the ionosphere the two instruments respond to electrons
above 5.6 keV and 3 keV, respectively. From the measured X rays
it is possible to derive a multi-parameter electron spectrum
directly from the X-ray spectrum, as the production of X rays is
quite well understood theoretically. Even though the probability of
generating an X-ray photon from an electron slowing down in the
atmosphere increases as a function of the initial electron energy, a
200 keV electron only deposits 0.5% of its energy as X rays
[Berger and Seltzer, 1972]. Thus the X-ray measurements very
often suffer from poor statistics. Nevertheless these measurements
provide the opportunity to study the energetic electron precipita-
tion, even in the sunlit area. The Pulsaur II experiment was a
rocket experiment flown during the recovery phase of a substorm
at ~0130 MLT to study the pulsating aurora during a 9 min flight.
Based on the simultaneous measurements of X rays and electrons
with relatively good spatial and temporal resolution, this experi-
ment enabled us to study the correspondence between the electron
precipitation and the generation of X rays in detail. The PIXIE
instrument is flown on the Polar satellite, and due to its highly

E global
images of the X-ray aurora for about 12 hours during an apog
pass and for about 40 minutes during a perigee pass. As PIXIE
true two-dimensional X-ray imager, this instrument provides th
first possibility ever to study the global dynamics of energet
electron precipitation during substorms and storms. Hen
another main goal of this thesis has been to utilize this possibi
to obtain new insight about the global characteristics of the en
getic precipitation.

The thesis consists of 3 published papers and 2 submit
papers, which present the scientific results from the two expe
ments (1 from Pulsaur II and 4 from PIXIE, plus a technical repo
on the image processing method developed for the PIXIE me
urements). In Section 2 we describe the different global remo
sensing techniques used in the space science over the last two
ades and discuss their benefits and disadvantages. In Section
review some earlier studies describing the behaviour of energ
electron precipitation in order to put our results in a scientific hi
torical context. In Section 4 the main results from the Pulsaur
experiment are discussed, while Section 5 is devoted to PIXIE,
image processing and the scientific results obtained from t
experiment so far. In Section 6 we conclude and suggest so
future studies based on the PIXIE data.

2. Global remote sensing techniques in substorm
studies

When using the term global remote sensing techniques we
not include the different kind of remote sensing provided b
ground-based equipment like magnetometers, riometers detec
cosmic radio noise absorption or radar, because they do not p
vide any global information unless a lot of stations are used sim
taneously. We restrict ourselves to the remote sensing techniq
used in space by imaging instruments flown on spacecrafts
order to study the global features of substorm dynamics, i.e., sa
lites orbiting the Earth at a few hundred km of altitude up to man
Earth radii. From the first global imaging instrument was flown
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1973 on board the ISIS-2 satellite [Anger et al., 1973] a lot of mis-
sions equipped with instruments measuring at different wave-
lengths have been flown in space. Summaries of some important
parameters of the visible, UV and X-ray imagers flown in space
are listed in Tables 1 and 2. The tables show the development of
imagers towards better temporal and spatial resolution as well as
that the area covered by the imagers has increased. All emissions
detected by these imaging instruments are caused by the particle
precipitation into the ionosphere along field lines which can be
traced into the equatorial plane of the magnetosphere. Thus, from
the dynamics of the features of emission at different wavelengths
in the ionosphere it is possible to extract information about the

magnetospheric processes that determines acceleration, con
tion, scattering and precipitation of these particles in the magne
sphere. As the various emissions respond to particles in differ
energy ranges these imaging techniques provide information
how the various particle energies behave differently in the magn
osphere. Detecting specific wavelengths of auroral emissio
involves certain techniques and methods for interpreting the me
urements, which all have their benefits and disadvantages. In
section we will describe and discuss the properties of some of
auroral emissions in the visible, the UV and the X-ray wav
lengths, and their benefits and disadvantages in order to ext
information about the parent electron distribution.

Table 1.Summary of various auroral (visible and UV) imagers (From Frank et al. [1995], Torr et al. [1995] and the Internet)

Imager/
Satellite

Angular
resolution degrees

Spacecraft
altitude

Wavelength
Å

Image
frame rate

Noise
equivalent signala

Reference

ISIS-2 0.4 1400 km 3914, 5577, 6300 100 min 300 R Anger et al. 1973

DMSP 0.25 850 km 4000-11 300 100 min - Rogers et al. 1974

KYOKKO
(EXOS-A)

0.3 650-4000 km 1200-1400 128 s - Kaneda et al. 1977

DE 0.29 1-4 RE 1216-6300
several filters

12 min 1 KR Frank et al., 1981

HILAT 1.7 830 km 1100 -1900
scanning

100 min 25-60 R Meng and
Huffman, 1984

Polar BEAR - 1000 km - - - Meng et al., 1987

Viking 0.08 15 000 km 1235-1600
1340-1800

20 s - Anger et al., 1987

Acebono
(EXOS-D)

0.1 300-10 000 km 1150-1600
5577

8-16 s 300 R at 1216
50 R at 5577

Oguti et al., 1990

FREJA 0.08 600-1700 km 1340-1800
2 filters:

6 s 700 R -

Interball-2
UVAI

- ~0.2-3.2 RE 1250-1600 60 s - Optical design:
Anger et al., 1987

UVI 0.03 1-8 RE 1300-1900
4 filters

37 s 10 R Torr et al., 1995

VIS 0.01-0.02 1-8 RE 3914, 5577, 6300
6563, 7320

12 s 130 R - 1 kR Frank et al., 1995

a Threshold at which the signal is equal to the instrument noise in an integration period

Table 2.Summary of various X-ray imagers flown on satellites (Based on Imhof et al. [1995], Stadsnes et al. [1997] and the Inte

Imager/
Satellite

Ionospheric area detected Spacial resolution
at 100 km altitude

Spacecraft
altitude

Energy range
keV

Time
resolution

Reference

1972-076B Collimated detector on a
spinning satellite (one look
direction)

- ~750 km > 50 100 min Imhof et al., 1974

DMSP F-2 Only nadir - 830 km 1.4-90 100 min Mizera et al., 1978

P 78-1 Array of 8 detectors, to each
side of the spinning satellite

130-330 km 600 km >21 100 min Imhof et al., 1980

SEEP/XRIS S81-1 One dimensional pinhole
camera, oriented cross track
500 km wide area.

30 km 170-270 km 4-40 100 min Calvert et al., 1985

DMSP F-6, GFE-6 cross track scanning - 830 km - 100 min Mizera et al., 1984

UARS PEM/AXIS Array of 16 detectors, ori-
ented cross track

<100 km 585 km 3-100 100 min Chenette et al., 1992

PIXIE Two dimensional pinhole
camera, global images

1000 km (apogee)
150 km (perigee)

1-8 RE 2-60 <5 min (apogee)
<2min (perigee)

Imhof et al., 1995
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2.1. Visible emissions

The visible aurora was originally studied from ground just as a
broad band emission covering the entire visible spectrum. By the
developing of filters and photo-multiplicators one was able to
study the narrow band emissions which correspond to specific
excitation levels of atomic and molecular states. The interpretation
of the luminosity of these emission lines is then depending on our
knowledge about the processes that leads to the excitation and the
subsequently de-excitation and photon emission. Quenching and
absorption must be understood and properly taken into account.
Both the energy of the incoming electron, the height profile of dif-
ferent species in the atmosphere, chemical interactions at different
altitudes are crucial for the interpretation of the measurements at
different wavelengths. In Table 3 we have listed some of the emis-
sion lines in the visible spectrum which have been widely used for
the auroral science, both from ground and in space.

As can be seen from this table the excitation energies for the
most common visible emission lines are all below some tens of
eV, which means that these emissions are produced by both pri-
mary and secondary electrons. Thus the auroral emission at these
lines is basically an integral response to the precipitation of elec-
trons at all energies above the excitation energy, and not very
strongly dependent on the electron energy spectrum. This is true
for the prompt emissions, but not for emissions from the so-called
metastable states, involving a time constant (e.g., the 5577 and
6300 emissions in Table 3) and the possibility of non-radiative
quenching of the excitation when the excitation occurs deep in the
atmosphere [Stadsnes et al., 1997]. Eather and Mende [1971]
showed that the ratio of 4278/6300 emissions could be used to
estimate the mean energy of the precipitating electrons. While the
prompt N2

+ emission line at 4278 Å is produced by all electron
energies and therefore is proportional to the total energy flux, the
O emission line at 6300 Å is strongly quenched through collisions
below 200 km due to the long lifetime and only the electrons that
are interacting above 200 km produces the 6300 emission line.
Thus the luminosity of the 6300 emission line will be determined
by the soft part of the electron energy spectrum and for a given
total incident energy flux the luminosity depends strongly on the
mean energy of the precipitating electrons. With the knowledge of
height profile of O, relevant cross sections, loss processes for sec-
ondaries Rees and Luckey [1974] modelled the ratio of 4278/6300
emissions for Maxwellian electron distributions with mean ener-
gies in the energy range from 0.6 keV to 20 keV. Comparing
measured ratios of 4278/6300 with the modelled ratios, the mean
energy can be estimated. Models and measurements of the ratios
4278/5577, 3914/5577 and 3914/6300 emissions can also be used
to estimate the mean energy of the incoming electrons. As an
example Figure 1 shows the modelled ratio of 5577/4278 emis-

sions deduced by Steele and McEwen [1990] and Rees
Luckey [1974] as presented by Robinson and Vondrak [199
(their Figure 11). In a multi spectral study based on the visib
imager (VIS) [Frank et al., 1995], the ultraviolet imager (UVI
[Torr et al., 1995] and PIXIE on board Polar, Cumme
et al. [1999] have used the 3914 emission line to extract the to
energy flux and the ratio of 3914/6300 emissions to derive t
mean energy. They found the total precipitating electron ene
flux and mean energy electron energy calculated from VIS, U
and PIXIE to be in good (within 20%) agreement in most region
As the spectrum of the incoming electrons falls rapidly off wit
increasing energies, the contribution to the luminosity from ele
trons >10 keV is very small and the effects on the ratios becom
even smaller. The visible emissions provide only two paramet
to describe the electron precipitation, namely the total energy fl
and the mean energy and the latter will mainly be determined
the shape of the spectrum <10 keV. Any information about t
electron spectrum >10 keV can hardly be extracted from imagi
the aurora at the visible wavelengths.

Due to the large albedo of sunlight at these wavelengths
visible imaging can only be provided during night time or winte
time when the hemisphere is dark all day. Atmospheric bac
ground may also cause some problem.

2.2. Ultraviolet emissions

The ultraviolet range of wavelengths contains two distinct ox
gen emission lines (1304 Å and 1356 Å) and a lot of emissi
lines created dominantly by the electron impact on N2, which are
known as the Lyman-Birge-Hopfield (LBH) band. Figure 2 is
plot of the filter band pass for the UVI onboard the Polar satellit
showing both the two oxygen emission lines and the LBH ban
Due to the improved filtering techniques used for the UVI instr
ment, the LBH band was separated into two broad UV emissi
bands, LBH-long (LBHL: 1600-1800 Å) and LBH-short (LBHS:
1400-1600 Å). As the O line at 1304 undergoes multiple scatt
ing it has limited use for auroral imaging, but does have a poten
as an indicator of the O concentration. The Lyman-Birge-Hopfie
and the O 1356 emission line also undergo multiple scattering
the efficiency is relatively small [Strickland and Anderson, 198

Table 3.Four of the most common visible emission lines used
to detect auroral patterns and dynamics (From Omholt [1971]).

Wavelength
(Å) Species

Excitation energy
(eV)

Lifetime
(s)

3914 N2
+ 19 prompt

4278 N2
+ 19 prompt

5577 O and O2 4 and 9 0.7

6300 O 1.96 110

Figure 1.The ratio of 5577 Å to 4278 Å emissions as a function o
Maxwellian characteristic energy deduced by Steele a
McEwen [1990] (circles) compared with results of Rees an
Luckey [1974] (triangles).
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and thus these wavelengths can be used for auroral imaging. As
the Lyman-Birge-Hopfield band is dominated by the emissions
created by the electron impact on N2, all electron energies contrib-
ute in this process of prompt emissions. The luminosity of the
LBH band is therefore proportional to the total electron energy
flux. But as can be seen from Figure 2 the two bands, LBHL and
LBHS and the O 1356 emission will be differently affected by the
absorption by atmospheric oxygen. For the LBHL emission this
absorption is very small and the intensity reflects approximately
the total energy influx of electron precipitation [Germany
et al., 1990; Germany et al., 1997]. As the lower electron energies
usually dominate, the LBHL emissions provides the global fea-
tures of the softer part of the electron distribution. On the other
hand the LBHS band and O 1356 emission are strongly affected
by the absorption by atmospheric oxygen. The attenuation of the
radiation in the LBHS band and the O 1356 emissions increases as
the incoming electrons deposit their energy deeper down in the
atmosphere, i.e., with increasing electron energies. Thus the ratio
of LBHL/LBHS (or LBHL/O 1356) can be used to extract spectral
information about the electron precipitation. Modelling of
expected emissions can be used to estimate the energy flux from
LBHL intensity and the average energy from the ratio of either O
1356/LBHL or LBHS/LBHL [Germany et al., 1990]. In Figure 3
the ratio of LBHL/LBHS is shown as a function of average elec-
tron energies (EAV) from 1-9 keV as modelled by G. Germany (pri-
vate communication, 1999). Gaussian electron spectra of 1 erg
cm-2 peaked atEAV with a full width half maximum (FWHM) of
0.5 [ln2]1/2 EAV has been used to model the incident electron pre-
cipitation. As the electron energy flux usually falls off >10 keV
the ratio of LBHL/LBHS (and LBHL/O 1356) becomes uncertain
in the energy range >10 keV.

In the ideal case, the energy analysis would be performed with
two LBH bands, one at the wavelength of peak absorption and the
other at a longer wavelength where O2 absorption is negligible.
The longer wavelength emission would be essentially independent
of average energy and solely dependent on energy flux. In prac-
tice, the LBH filters must necessarily include multiple emissions
in the LBH band and therefore contain a range of loss factors.
Thus the LBHL emissions show a weak dependence with average
energy and though this effect is small (<10% at 10 keV) it must be
taken into account to extract the energy parameters properly. For
images from UVI on board Polar a look-up table, where this effect
is included, has been used to provide maps of energy parameters
[Germany et al., 1997].

The lower threshold energy for detecting LBH emissions (both
long and short) is determined by the altitude profile of the N2 ver-
sus O density. At high altitudes the density of O exceeds the den-
sity of N2 and the competition between the O and the N2 emissions
determines the intensity of LBH emissions. Given an energy flux
of 1 ergs cm-2 the threshold for UVI is about 1 keV and for larger
energy fluxes the threshold may be lowered down to ~100 eV (G.
Germany private communication, 1998). The upper threshold
energy is determined by the decreasing electron flux >10 keV and
the absorption by O2 at low altitudes.

Even though the albedo of UV emissions (<1700 Å) is negligi-
ble, there is a significant contamination from sunlight generated
UV emissions (dayglow). Thus the UV imaging is most success-
fully provided during night time [G. Germany private communica-
tion, 1999].

2.3. X rays

Precipitating electrons deposit their energy into the atmosphere

by ionization, excitation, heating of the neutral gas and X-ra
bremsstrahlung. X rays are produced by high energy primary el
trons, while the other energy depositions involve both primary a
secondary electrons over a wide energy range. The number o
ray photons (n) that are generated by an electron with an initia
energy (EE) slowing down in the atmosphere, is rather small. F
example,n(EE=200 keV) = 0.0052 andn(EE=20 keV) = 0.000057
[Berger and Seltzer, 1972]. Nevertheless, X-ray measurements
very useful in the study of the electron precipitation and inform
tion about the spectra, as well as spatial and temporal structure
the electron precipitation, can be obtained. Another advantag
that X rays can be detected in daylight. For these reasons the
ray measurements are favourable in the study of energetic elec
precipitation. A major problem with the global scale X-ray imag
ing, e.g., the PIXIE camera, is the statistics. In order to obtain s
ficient counts either the spatial or the temporal resolution have
suffer. However, by using properly defined integration area t

Figure 2. The filter bandpass for the UVI on board the Polar sate
lite. The four narrow band UVI filters are shown in blue and the re
line shows the absorption by O2. Green vertical show the discrete
emission lines (M. Brittnacher private communication, 1998).

Figure 3. The ratio of LBHL/LBHS as a function of the average
energy of the incoming electrons [G. Germany private commu
cation, 1999].
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time resolution can be as good as ~30 s, which is comparable to
the time resolution of the two other imaging techniques. Regard-
ing spatial resolution in order to study fine structures, the visible
and UV imagers are still superior to the X-ray imagers, due to the
much higher fluxes of these emissions.

As balloon and rocket experiments have recorded auroral X
rays since about 1960, there has been a need for models that calcu-
late the X-ray production from electron precipitation. Several
models using different approximations and simplifications have
been developed in order to calculate the yield of X rays from elec-
tron spectra [Rees, 1964; Kamiyama, 1966; Berger et al., 1970;
Berger and Seltzer, 1972; Seltzer and Berger, 1974; Luhmann and
Blake, 1977; Walt et al., 1979; Khosa et al., 1984; Robinson
et al., 1989; Gorney, 1987; Lorence, 1992]. Experiments have
been performed to make simultaneous measurements of electrons
and X rays [e.g. Vij et al., 1975; Mizera et al., 1978; Goldberg
et al., 1982; Datlowe et al., 1988], and the comparisons between
measured and calculated X rays have resulted in different degree
of agreement. Generally the discrepancies have been a factor
between 2 and 10. The discrepancy depends on the quality of the
measurements but also on the method used for the inversion pro-
cedure when the electron energy spectral information is derived.
For the Pulsaur II experiment we have used a method developed
from the results found by Seltzer and Berger [1974] and Walt
et al. [1979] to derive electron spectra from the X rays, and the
results from Mæhlum and Stadsnes [1967] to convert the highly
anisotropic electron fluxes into comparable equivalent isotropic
electron fluxes. By using this method we obtained agreement well
within the statistical errors of the measurements [Østgaard
et al., 1998, hereafter called Paper 1]. For the PIXIE experiment
we have used a look-up table provided by a coupled electron pho-
ton transport code originally developed to model the neutral parti-
cle transport [Lorence, 1992]. The coupled electron photon
transport code was developed by Lockheed-Martin Advanced
Technology Center and they have provided the look-up table used
in our studies. This look-up table will hereafter be referred to as
the look-up table provided by the code developed from the trans-
port code by Lorence [1992]. Using this method we have obtained
agreement within a factor of ~2 comparing electron energy fluxes
and profiles of X rays [Østgaard et al., 1999b, hereafter called
Paper 5].

To describe the production of X rays from the electrons enter-
ing the atmosphere we will shortly describe the two models used
in our studies and a simplified method for calculating X-ray pro-
duction analytically. In Figure 4 we have shown a typical X-ray
spectrum resulting from an electron beam hitting a target. Both the
emission lines depending on the atomic properties of the target
and the continuous bremsstrahlung emissions are clearly seen.
The atmospheric line emissions which are relevant for the incom-
ing energetic electrons are listed in Table 4, but as we do not
detect X rays below ~3 keV only the line emission from Ar must
be taken properly into account when energy analysis is to be
made. Even though the Ar contents of the atmosphere is very low
(0.93% in volume or 1.28% in weight, up to 90 km) the contribu-
tion from this line has been thought to produce a peak in the meas-
ured bremsstrahlung spectrum. Luhmann and Blake [1977]
calculated the intensity ratio of the K-α line emission to the
bremsstrahlung in a 100 eV band, and found it to be 200-250%,
which corresponds to 20-25% in a 1 keV band that is the energy
resolution of the PIXIE measurements. However, they neglected
the energy degradation of electrons and assumed the Ar content of
the atmosphere to be a constant fraction of the N2 content at all

altitudes, which is not correct. Motivated by the energy analysis
PIXIE data a rerun of the codes using a more realistic Ar heig
profile and including the energy degradation of electrons, resul
in ratios of 4-8% for the PIXIE measurements (J. Luhmann priva
communication, 1998). We therefore consider the atmospheric
line emission to be negligible relative to the X-ray bremsstrah
ung. As Ar is often used as stopping gas in proportional counte
e.g., PIXIE, the Ar lines still have to be considered (see Østga
et al. [1999a], hereafter called Technical Report). Disregarding
line emissions of X rays for the moment, the continuous X-ra
spectrum which is called X-ray bremsstrahlung (or white X ray
can be represented by (1) [Kulenkampff, 1922]

(1)

wheredEX/dν is the number flux of X rays within the frequency
interval, dν, νm is the frequency of the incoming electron (Ee/h)
and determines the upper frequency of X rays that can be p
duced,Z is the atomic number of the atmosphere andC is a con-
stant. This is known as the thick target semi-empirical approa
which is qualitatively illustrated in Figure 5. When the productio
of X rays is determined, the propagation of X rays must be ha
dled correctly, which includes the effect of photo-absorptio
energy reduction and scattering (Compton and Thomson scat
ing).

In a realistic model of X-ray production the scattering of ele

Figure 4.Typical energy spectrum for X rays, resulting from a mo
noenergetic electron beam hitting a target [Leighton, 1959].

Table 4.Emission lines given in keV for the main species in the
atmosphere [Storm and Israel, 1967].

Species (Z) K-LII= α2 K-L III=α1 K-MIIII  = β3 K-MIII = β1

Nitrogen (7) 0.393 0.393

Oxygen (8) 0.524 0.524

Argon (18) 2.956 2.958 3.191 3.191

νd

dEX C Z νm ν–( ) 0 0025Z
2,+[ ]=
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trons, i.e., backscattering, Coulomb scattering and ‘knock-on’
scattering must also be included. Both the model by Berger and
Seltzer [1972] and the code developed from the transport code by
Lorence [1992] have included the processes mentioned above.
(Berger and Seltzer [1972] has not included the elastic scattering
of X rays, i.e., the Thomson scattering, as their model only deals
with X rays >10 keV). They both have assumed an isotropic flux
of electrons entering at the top of the atmosphere, but while the
Monte Carlo model developed by Berger and Seltzer [1972] and
Seltzer and Berger [1974] only has estimated the isotropic flux of
X rays in the upward hemisphere, the code developed from the
transport code by Lorence [1992] also provides the angular distri-
bution of X rays in 10˚ intervals. This difference of precision is
related to the use of different cross sections for the generating of X
rays. While the former has used a cross section given by
Sauter [1934] with a correction factor developed by
Elwert [1939], the latter has used the same cross section but a cor-
rection factor developed by Elwert and Haug [1969]. By using this
updated correction factor the angular distribution of X rays can be
handled more properly (for more details, see Tseng et al. [1979]).
In order to minimize this shortcoming of the Berger and
Seltzer [1972] code in our Pulsaur II study, we used the results
from another model developed by Walt et al. [1979] that gives us
estimates of the angular X-ray distribution. Both the models [i.e.,
Berger and Seltzer, 1972; Lorence, 1992] provide look-up tables
of X-ray production from electrons having an exponential energy
spectrum (the code developed from Lorence [1992] also provides
look-up tables of X rays from Maxwellian electron spectra). In
Figure 6 the X-ray spectra generated by an electron exponential
spectrum with an e-folding energy of 100 keV is shown for 8 dif-
ferent emitting angular intervals. Given these look-up tables it is
possible to derive both single exponential and double exponential
electron spectra from the X-ray measurements. Figure 6 illustrates
that the energy range of X rays has to be considered when the e-
folding energy of the X-ray spectrum is determined. In our algo-
rithms we have identified two e-folding energies for every spec-
trum, one for the high energy range and one for the low energy

range.
As the X-ray spectra from exponential electron spectra a

found to have an approximately exponential shape, Robins
et al. [1989] have developed a simplified method to calculate
two parameter characteristic of the electron energy spectrum fr
the X-ray spectrum. This is a rather rough assumption as the X-
spectrum most often must be fitted by different e-folding energ
in the low- and high-energy range of X rays (see Figure 6
Assuming isotropic electron fluxes and single exponential electr
energy spectra they obtained quasi-analytic expressions for h
the characteristic energies of the electrons and X rays are coup
(2).

(2)

Then the electron energy fluxQE was found to be coupled to the
X-ray flux, F(K) and a efficiency functiong1(K) given by (3),
wheng1(K) is expressed as (4).K is the X-ray energy.

(3)

Figure 5.A qualitative representation of the X-ray bremsstrahlung
spectrum according to the analytic formula from
[Kulenkampff, 1922] (Figure from Leighton, [1959]).

Figure 6. X-ray spectra calculated by the code developed from t
transport code by Lorence [1992]. Here are shown the X rays em
ted at 8 different nadir angular intervals (i.e., the upward hem
sphere) from an electron exponential spectrum with an e-foldi
energy of 100 keV. The X-ray spectra are normalized to an integ
flux of one electron. Both the angular distribution of X-ray emis
sions and the effect of escaping at slant angles from a plane atm
phere are taken into account.
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By using the results from Walt et al. [1979] they also found an
expression for the angular distribution of the X rays related to the
X-ray flux at 180˚ given by (5), restricted toE0E< 20 keV and
θ>100˚.

(5)

These expressions may be regarded as rough estimates of the
X-ray spectra from electrons (or vice versa) and it should be
emphasized that neither the X-ray spectrum nor the electron spec-
trum can always be properly represented by single exponentials.
From both previous studies and the papers in this thesis we know
that the X-ray spectra can be well represented by either single or
double exponentials [Barcus and Rosenberg, 1966; Goldberg
et al., 1982; Paper 1; Paper 5]. A double exponential is defined by

(6)

wherej01 andj02 are the flux at zero energy andE01 andE02 are the
two e-folding values. In [Paper 1, Paper 5] we also found that the
electron spectra can be represented by single or double exponen-
tials, but sometimes Maxwellian or a Kappa function would prob-
ably be more suitable [e.g., Sharber et al., 1998].

For the inversion techniques based on X-ray measurements we
may conclude that it is possible to obtain a 4-parameter character-
istic of the electron precipitation, giving information about both

the low-energy and the high-energy range of electrons, wh
none of the other remote sensing techniques are able to provid

2.4. Summary on remote sensing techniques

Our Table 5 is a copy of Table 3 from the paper of Robinso
and Vondrak [1994], which has a more detailed discussion of t
imaging techniques than presented here, and we let this table s
marize the discussion of the different remote sensing techniqu
However, regarding the evaluation of the UV imaging techniqu
the authors seem to have been too optimistic about the ability
obtain images both at daytime and nighttime. Even though t
albedo of UV emissions (<1700 Å) is negligible there is a signifi
cant contamination from sunlight generated UV emissions (da
glow)[G. Germany private communication, 1999]. Thus the U
imaging is most successfully provided during night time. We ma
therefore conclude that X-ray imaging is the only imaging tec
nique that can be successfully utilized even in the sunlit part of t
ionosphere. Furthermore, as X-ray measurements enable u
extract multi-parameter information about the parent electr
spectrum this technique is favourable in estimating the to
energy input into the ionosphere during substorms and storm
However, when studying fine structures of auroral features bo
the visible and the UV imaging techniques are more suitable. D
to the small amount of X-ray photons produced, X rays must
integrated over relatively wide areas to achieve good statisti
Thus the combined use of the different imaging techniques wo
provide the ultimate tools to study both fine structures and ene
deposition into the atmosphere.

3. Previous studies of energetic electron
precipitation

Due to the lack of global imaging instruments of the energetic
electron precipitation in the past (see Table 2), our knowledge of
this part of the substorm has been based on measurements of cos-
mic radio noise absorption by riometer [e.g., Hartz and
Brice, 1967; Jelly and Brice, 1967; Berkey et al., 1974], X-ray
measurements from balloon campaigns [e.g., Barcus and
Rosenberg, 1966; Bjordal et al., 1971; Kangas et al., 1975], parti-
cle measurements in space [e.g., McDiarmid et al., 1975; Hardy
et al., 1985; Codrescu et al., 1997] and X-ray measurements from
low-altitude satellites [e.g., Imhof et al., 1980; Chenette

et al., 1992]. In this section we will briefly report some of th
results from these previous studies which are relevant for the d
cussion of our findings from PIXIE data. We will focus on studie
that have revealed information about the global features of en
getic precipitation either statistically [e.g., Hartz and Brice, 196
McDiarmid et al., 1975] or by studying isolated substorms [e.g
Berkey et al., 1974, Sletten et al., 1971]. We will also prese
some studies on the dynamics in the source region of the aur
particle precipitation, i.e., the injection of electrons during th
early expansion phase of the substorm [Reeves et al., 1991, B
et al., 1998].

g1 K( ) 1.96 10
5–× K

1.9–
=

Φ K E θ, ,( ) Φ K E θ 180°=, ,( ) 2–
θcos

------------ 1– 
 ×=

j E( ) j01e
E E01⁄–

j02e
E E02⁄–

+=

Table 5.Comparison of remote sensing methods (Table 3 in Robinson and Vondrak [1994])

X rays UV Visible

Temporal coverage Day and night Day and night Night only

Albedo correction Unnecessary Unnecessary Needed

Absorption correction Usually unnecessary Often necessary Usually unnecessary

Emission processes Well understood Somewhat understood Somewhat understood

Atmospheric background Negligible Negligible Sometimes significant

Derivation of geophysical
parameters Straight-forward Chemistry-dependent Chemistry-dependent

Electron spectral information Multi-parameter Two-parameter Two-parameter

Characteristic electron energy
sensitivity 1-100 keV <10 keV <10 keV

Validation Proven Proven Proven
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3.1. Cosmic radio noise absorption

From about the 50s’ the technique of determining particle pre-
cipitation indirectly from enhanced absorption of cosmic radio
noise was developed. The basic concept of this technique is that
the incoming cosmic radio noise intensity (I0) will be attenuated
when entering the ionosphere as a function of depth, because the
absorption coefficient,κ is altitude dependent. The intensity of
cosmic radio noise (I) at a given altitude is then given by

(7)

Due to the Appleton-Hartree equation,κ is given by

(8)

whereC is a constant,NE is the electron density,νE is the collision
frequency between electrons and neutral particles,ΩE is the elec-
tron gyro frequency andω is the frequency of the actual cosmic
radio noise. When measuring cosmic radio noise at 30 MHz, both
νE andΩE are negligible comparing toω andκ becomes approxi-
mately proportional to the product ofNE andνE. As νE rapidly falls
off due to the rapid decrease of the density of the neutral atmos-
phere, the absorption of cosmic radio noise is usually not very sig-
nificant above ~100 km, i.e., at the altitude of maximum 10 keV
electron energy deposition [e.g., Rees, 1963]. This implies that
most of the absorption occurs at altitudes (<100 km) were elec-
trons in the energy range from 10 to 100 keV deposit their energy
[Berkey et al., 1974]. However, for large electron fluxes with a
very soft spectrum even electrons down to 5 keV will contribute
significantly to the total absorption [Barcus, 1965]. Keeping this
in mind, we conclude that the riometer data provides information
mainly about the energetic particle precipitation.

Cosmic radio noise absorption correlated with other measure-
ments have been used to construct characteristic average features
of precipitation and to study the dynamics of the energetic elec-
tron precipitation during substorms. By using the results from sev-
eral years surveys of all-sky data, 5577 Å emission features,
riometer data, ionosonde data, X-ray measurements from balloons
and in-situ particle measurements Hartz and Brice [1967] con-
structed diagrammatically the average precipitation features of the
soft (triangles) and the energetic (solid dots) electrons (Figure 7).
They found that the soft electron precipitation was related to the
auroral oval while the energetic electron precipitation constituted
the auroral zone. These two regions were found to overlap in the
midnight region but at all other local times the auroral zone, asso-
ciated with the diffuse aurora is equatorward of the auroral oval.
This result has important implication on the source location of the
different electron energies in the magnetosphere. In the region
where substorm onset on the average takes place, i.e., around mid-
night, both the soft and energetic precipitation occur at about the
same latitudes at field lines that are connected to the near-Earth
central plasma sheet (CPS). At dawn, day and dusk the soft elec-
tron precipitation is associated with field lines very close to the
open-closed boundary, while the hard drizzle precipitation is asso-
ciated with field lines well within the stable magnetosphere. They
found two local time maxima of precipitation, one pre-midnight
(mostly soft but also energetic electron precipitation) and another
between dawn and noon (only energetic electron precipitation). As

they used large averaged data sets, the various features could
be interpreted in the context any substorm evolvement.

Jelly and Brice [1967] utilized the electron measurements (>
keV) from the Alouette 1 satellite crossing through the dawn-no
region, combined with magnetometer data close to the substo
onset region at midnight and cosmic radio noise absorption d
from stations in the morning sector to examine how the dawn
noon maximum of energetic precipitation was related to the su
storm onset at midnight. They found a clear indication that nigh
time substorms and morning diffuse precipitation are strong
associated and that the probability of the latter to occur, delayed
substorm onset, increased provided it followed a moderately d
turbed period even if the substorm onset itself was weak or mod
ate. They related this to the concept of a maximum stable limit f
fluxes of trapped energetic electrons suggested by Kennel
Petscek [1966] and found that the time delay between onse
morning sector relative to the substorm onset time correspon
to the drift time of ~40 keV unstably quasi-trapped electrons.

One of the most extensive studies based on riometer data
been performed by Berkey et al. [1974]. By initiating a large co
laboration among 6 different groups, 40 riometer stations we
used to study 60 substorms during solar minimum (1964-196
and solar maximum (1969). Even though there was a lack of s
tions in the Atlantic along the auroral zone, introducing som
uncertainties, they were able to draw isocontours of absorpt
between the 40 stations to obtain the temporal development of
lated substorms with a time resolution of 15 min. In Figure 8 w
have shown their average substorm obtained from all the 60 s
storms studied. Substorm onset (T=0000, i.e., hhmm) was fou
to occur (on average) around midnight, expanding into the mo
ing sector (T=0015) and about T=0030 a maximum of absorpti
appears in the morning sector at ~6 MLT and continues for

I I 0e

κ h( )dh

h1

h2

∫–

=

κ h( ) C
NE h( )νE h( )

νE h( ) ω ΩE h( )±( )2
+

-------------------------------------------------------⋅=

Figure 7.An idealized representation of the two main zones of a
roral particle precipitation the northern hemisphere, where the
erage intensity of the influx is indicated very approximately by th
density of symbols on a geomagnetic grid. Triangles show the s
electron precipitation and the dots show the energetic electron p
cipitation. (Same as Figure 19 from Hartz and Brice [1967]).
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ime res-
Figure 8. Average substorm picture obtained from 60 substorms by drawing isocontours of cosmic radio noise absorption. The t
olution is 15 min and CGM grid is used (same as Figure 9 in Berkey et al., [1974]).
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hours, with the peak of absorption slowly moving towards noo
In almost every substorm they found an eastward expansion w
velocities independent of magnetic activity (i.e., the Kp index) an
for most substorms this expansion corresponded to the magn
curvature and gradient drift of electrons in the energy range ~5
300 keV. However, for some cases they found extreme velocit
that corresponded to ~1 MeV, but most likely this must b
explained by some injections they missed due to the scarce den
of stations in some regions. The eastward velocities they fou
showed a clear tendency of slowing down at the dayside of
Earth, which is consistent with a magnetic field configuratio
compressed at the dayside and stretched down the tail givin
much larger magnetic gradient at nightside than dayside. We
ward expansion, often associated with the westward travelli
surge (WTS) was found in less than half of the substorms expa
ing occasionally either along the auroral oval or the auroral zon
indicating that this feature is not a common part of the energe
precipitation morphology during substorms. The velocities foun
for the equatorward and poleward expansion increased from ~
km s-1 to 1.0 km s-1 depending on the Kp index and were found t
be in good agreements with previous results [e.g., Akaso
et al., 1966]. We should also notice that they did not report a
increase in absorption when the stations entered the sunlit he
sphere. Thus they found no evidence for the morning maximum
be caused by any increase of cold plasma density diffusing fr
the upper atmosphere into the magnetosphere and cau
increase of precipitation of energetic trapped electrons, as p
posed by Brice and Lucas [1971]. This is probably because
sunlight is entering the atmosphere at very slant angles at th
high latitudes and the effect, if any, will be smoothed.

3.2. Particle studies

In-situ measurements of electrons at low altitudes and throu
out the magnetosphere have been widely used in substorm stu
during the last three decades. Here we will pay attention to one
the early statistic studies on the morphology of energetic electro
and some of the studies based on electron measurements at
synchronous orbits in order to study injection fronts, drift an
energization of electrons in a modelled magnetic field.

3.2.1. Morphological Studies.
From large data sets from low-altitude satellites it is possible

construct average contours of precipitating electrons for differe
energies. Hardy et al. [1985] used the data set from the Defe
Meteorological Satellite Program (DMSP) satellites to study ele
trons in the energy range from 50 eV to 30 keV and Codres
et al. [1997] constructed maps of average flux in the energy ran
from 30 keV to >300 keV using the National Oceanic and Atmo
pheric Administration (NOAA) satellites. As the satellites used fo
these two studies were all launched into sun-synchronous or
some local times in the afternoon and post midnight sector w
not covered, introducing some uncertainties into their results. T
European Space Research Organisation 1 Aurorae (ESRO 1A)
ellite provided better coverage and some results of the aver
fluxes of precipitating (i.e., at ~10˚ pitch angles) electron energ
of 1 keV, 6 keV and 13 keV for 4 different magnetic activity leve
(Kp=00-10, 1+-30, 3+-50 and 5+-90) have been presented by Riedle
and Borg [1972]. McDiarmid et al. [1975] based their study o
ISIS-2 data, and as this satellite precessed ~4 min/day th
obtained a complete local time coverage in about 5 months. T
instruments measured electrons in the energy range from 150
to >210 keV. Measurements from ~1100 passes in the north
hemisphere were grouped according to electron energies into

Figure 9. Average intensity contours for electrons of (a) 150 eV,
(b) 1.3 keV, (c) 9.6 keV and (d) 22 keV given as (cm2 s sr keV)-1

forKp <3 and pitch angles <45˚. CGM grid is used for all plots with
noon at the top. (Same as Figures 4, 6, 8 and 9 from McDiarmid
et al. [1975]).

a

b

c

d
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invariant latitude intervals, 2 hour MLT intervals, three pitch angle
intervals and several ranges of Kp. To exclude large storm data
only passes during Kp < 3 were used to obtain average intensity
contours for different electron energies. Figure 9 is a composition
of 4 of the figures from their paper, showing contours of 4 differ-
ent electron energies for Kp <3 and pitch angles <45˚. For the
low-energy electrons (150 eV, shown in Figure 9a) two maxima
can be seen, one in the post-noon and another in the post-midnight
sector, which they related to cleft electrons or magnetosheat elec-
trons entering the closed field region at these local times. For elec-
trons at 1.3 keV (Figure 9b) the two maxima are still significant,
but a third maximum appears in the pre-midnight sector related to
substorm breakup events. Going further up in energy, Figure 9c
shows the intensity contours for 9.6 keV electrons. Now the two
soft electron maxima have disappeared but the pre-midnight max-
imum is still apparent. For electrons at this energy a second maxi-
mum is found in the morning sector and for even higher electron
energies, 22 keV in Figure 9d, only the morning maximum
remains. They related this high energy morning maximum to the
drift of electrons and some precipitation mechanism that was
believed to be most efficient in the morning sector.

3.2.2. Substorm Particle Injections and Drift Paths of
Injected Electrons.

As mentioned above the ionospheric features of electron pre-
cipitation are related to a source location in the magnetosphere.
Even though there are still a lot of unresolved issues connected to
our understanding of the evolvement of substorms, some basic
concepts seem to be commonly accepted. Prior to the substorm
onset a growth phase [McPherron et al., 1973], associated with the
merging of the interplanetary magnetic field (IMF) at the subsolar
magnetosphere due to the southward turning of the IMF, accom-
plishing a more efficient coupling and energy transport from the
solar wind into the magnetosphere. During the growth phase the
magnetotail becomes stretched due to the strengthening and thin-
ning of the cross tail currents and the CPS [Kokubun and
McPherron, 1981; Pulkkinen, 1991]. Furthermore, increased
directly driven precipitation at dawn, day and dusk [Elphinstone
et al., 1991] and a brightening at the equatorward edge of the dif-
fuse aurora at midnight [Sergeev et al., 1983] are very often
observed. As a consequence of the very stretched magnetic field
and the thinning of the current sheet which unstabilize the system,
the formation of a near-Earth neutral line (NENL) through a
reconnection process [Hones, 1976; Hones, 1977; Hones, 1979;
Shiokawa et al., 1998] is believed to occur. The rapid change of
the magnetic field caused by the reconnection process leads to an
induced electric field which will increase the convective drift of
particles towards the Earth. This abrupt increase of convective
drift or commonly called the dispersionless injection of particles
have been widely studied by geosynchronous satellites [e.g.,
Reeves et al., 1990]. Then it has been proposed that the braking of
the particles in the near-Earth CPS is what initiates the field-
aligned currents, the current wedge formation and dipolarization
of the magnetic field lines related to the breakup of the substorm
onset [Rostoker and Eastman, 1987; Shiokawa et al., 1998]. This
defines the beginning of the substorm expansion phase. Through-
out this phase and the recovery phase the injected particles will
drift due to the forces of the magnetic and the electric field.

This very short description of the substorm evolvement is
meant to introduce the injection process, which have been used to
determine the substorm onset time [e.g., Erickson et al., 1979;
Østgaard et al., 1999c, hereafter called Paper 2; Håland
et al., 1999, hereafter called Paper 3] and the subsequently drift of

electrons during the expansion phase and throughout the reco
phase [Reeves et al., 1990; Reeves et al., 1991; Frie
et al., 1996]. From particle measurements from geosynchron
satellites both the injection signatures and the dispersed drift s
natures have been thoroughly examined. Here we will refer
Friedel et al. [1996], who examined one year of Combine
Release and Radiation Effects Satellite (CRRES) data to de
mine dispersionless injection signatures in order to find the m
probable location for the injection to occur. The orbit of th
CRRES satellite was close to the equatorial plane with the apo
at L=8.1 wandering from 8 MLT to 16 MLT throughout its life-
time. This paper reports that dispersionless injection signatu
were observed at distances from L=4 to L=7, with a peak occ
rence frequency at L=~6. They also found the ion injection
occur most frequently in the post midnight region at 24-03 ML
while the electron injection had a peak occurrence frequen
around 21-23 MLT.

In the paper of Reeves et al. [1991] the curvature and gradi
drift of energetic particles were numerically modelled. To mode
realistic magnetic field a model by Tsyganenko an
Usmanov [1982] was used. In order to calculate the gradient a
curvature drift for all pitch angles they used the invariant integr
(2. adiabatic invariant) given by

(9)

whereB(s) is the magnetic field strength along the field line,BM

the magnetic field strength at the mirror points,m1 and m2. The
bounce average drift velocity,vD is then given by

(10)

where W is the kinetic energy,q is the charge and subscript 0
denotes values at the equator andSB (11) is the so-called half-
bounce path length.

(11)

By using these equations together with the magnetic fie
model, they simulated the drift velocities for different particl
energies at different pitch angles. The derived drift velocitie
showed about a 30% decrease from midnight to day, due to
changes in magnetic gradient, which was also seen in the figu
from Berkey et al. [1974]. By using the information of the dis
persed drift echoes seen at geosynchronous orbit the nume
model was used to trace back in time the location of the disp
sionless injection. Using measurements from 3 of the Los Alam
National Laboratory (LANL) satellites Reeves et al. [1991] est
mated both the injection regions for electrons and protons, th
location and time of arrival. Figure 10 shows the schematic rep
sentation of the injection region for both electrons and proto
using both local measurements (spacecrafts A and B) and
remote determination from spacecraft C and the drift model (sa
as Figure 16 from Reeves et al. [1991]). As can be seen th
inferred a region called the central injection region of both ele
trons and protons and an dawnward electron periphery and a du
ward proton periphery. The two peripheries result from th

I 1 B s( )
BM
-----------–

1 2⁄
sd

m1

m2

∫=

vD vGC〈 〉 2W
qSBB0
---------------- I0∇ B̂0×= =
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curvature and gradient drift which is opposite directed for elec-
trons and protons.

Birn et al. [1998] have modelled the injection trajectories for
different electron energies due to the collapse of the magnetic field
during the reconnection process. The reconnection process leads
to an induced electric field which determines the injection and as

the curvature and gradient forces act differently on electrons
different energies, their trajectories are quite different. This
illustrated in Figure 11 (same as their Figure 11) showing the t
jectories for electrons that are energized from the reconnect
region at x=-23RE up to energies of 180 keV and 20 keV at x=-1
RE and y=0RE. When observing both particles at midnight at x=
10 RE it can be seen that the 180 keV electron has drifted in fro
the flank of the magnetosphere while the 20 keV electron h
drifted in the CPS close y=0RE all its way from the reconnection
region. Thus, if the electrons at different energies have a sou
region in the distant tail with a small azimuthal extension a
energy structured injection region would be observed, with
eastward displacement of the injection region for the higher en
gies. Another result from this paper which should be mentioned
that the strongest electric field induced by the reconnection pr
ess appears around x=-15RE even if the reconnection region is a
x=-23 RE. The results from comparisons with measuremen
makes this model rather convincing.

3.3. Balloon campaigns

From 1960 and 1970 a large number of balloon campaig
were performed. Scintillators and Geiger-Müller tubes flown
balloon altitudes (~35 km) provided X-ray measurements whi
were compared with different ground based measurements
magnetometers and absorption of cosmic radio noise. From
balloon flights Barcus and Rosenberg [1966] studied the tempo
and spectral variations of X rays at almost all local times. Th
main results from their study are shown in Figure 12, a polar p
showing increasing e-folding energies from the center and o
ward with midnight at the bottom and noon at the top. Startin
from pre-midnight the sporadic nigh time activity, related to su
storm onset events have a large range of e-folding energies. M
ing to the early morning slowly varying bay events of hard X ray
and fast pulsations with softer X-ray spectra are shown. Close
noon microbursts (50 ms) with hard spectra were observed. S
microbursts have been observed by others in the midnight reg
as well [e.g., Parks et al., 1968]. Bjordal et al. [1971] studied t
X-ray events in the midnight sector and found them to correla
very well with ground based magnetic bay signatures. They a
found that the X-ray spectra showed an abrupt hardening at
substorm onset with a subsequently softening. Pytte a
Trefall [1972] have reported significant growth phase signatur
of enhanced X-ray emissions,1/2 - 1 hour before substorm onset
The spectra observed during such events were interpreted to
consistent with adiabatic heated electrons, i.e., electrons drift
towards the Earth in an increased convective electric field.

By using riometers and magnetometers from Canada stati
combined with balloon launches from Scandinavia, the relati
between the substorm onset and the slowly varying events in
morning sector were studied [e.g., Sletten et al., 1971; Kang
et al., 1975]. In Figure 14 we show one of the figures from Kang
et al. [1975] where the cosmic radio noise absorption was me
ured (July 28, 1965) at Great Whale River (L=6.9) and the X ra
were measured with two Geiger-Müller tubes flown on a balloo
from Andenes (L=6.3). One of the Geiger-Müller tubes had wa
of Al and the other had an internal Bi screen, giving a higher low
energy threshold for the latter and thus the ratio of the measu
X-ray intensity from the two tubes could be used to extract spe
tral information. The bottom panel shows the spectral develo
ment through the event at Andenes with a double structure, i
the two peaks of hardening of the spectra correspond to two pu
of injected electrons at midnight during the substorm expans

Figure 10.A schematic of the comparison between local measure-
ments of the injection region from spacecraft A and B, and remote
determination of the injection region using observation from
spacecraft C and the drift model (same as Figure 16 from Reeves
et al. [1991]). The extension of the injection regions are indicated
by geomagnetic longitudes relative to midnight.

Figure 11.Energy variations of sample electrons that end at x=-10
REand y=0RE at t=7 min. The figures show the trajectories for elec-
trons that are energized from the reconnection region at x=-23RE

up to: (a) a final energy of 180 keV; (b) a final energy of 20 keV.
They illustrate that most of the energy gain occurs during the earth-
ward drift in the collapsing inner tail (same as Figure 11 from Birn
et al. [1998]).

a

b
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phase. The time delay from substorm onset to the onset of
slowly varying X-ray event in the morning were used to evalua
the drifting rain cloud model, i.e., electrons were injected at mi
night and then drifting due to the curvature and gradient drift in
the morning sector. By using the simple calculation of equator
mirroring electrons in a dipole magnetic field [Lew, 1961] the
found the time delays from 41 events to correspond with t
expected drift time of electrons in the energy range 100-200 ke
In a similar study of 45 substorm events from 1963 to 1964 Slett
et al. [1971] used magnetometer measurements at local midn
to define the substorm onset time and X-ray measurements at
loon altitudes in the morning sector to define the onset time of t
slowly varying X-ray events. They found the time delays to corr
spond to drifting electrons of ~140 keV.

3.4. Summary on previous studies

From the statistical studies based on in-situ electron measu
ments and riometer measurements there are found to exist
maximum regions of energetic precipitation but three maxima
the softer precipitation (~1 keV). Focusing on the energetic p
cipitation the first and most intense maximum is found to be sit
ated around midnight and to be related to the injection of fre
electrons and another maximum to be located between dawn
noon, most probably related to the drifting electrons. However,
focusing on electron precipitation at lower energies (~1 keV
there is found to exist an additional maximum in the postno
region. This region is also found to have an almost complete la
of X-ray emission [Petrinec et al., 1998]. Except for the study b
Berkey et al. [1974] most of the studies were based on adding
the observed precipitation during different kinds of geomagne
activity and providing no information on the temporal behavior o
single substorms.

The time delays between the morning activity and the substo
onset in the midnight sector were found to be consistent with t
drift of electrons of energies from ~140 keV [Sletten et al., 1971
100 keV [Berkey et al., 1974] and 100-200 keV [Kanga
et al., 1975].

Modelling of curvature and gradient drift velocities in a realis
tic magnetic field model has shown that the observed drift echo
seen at geosynchronous orbits can be used to infer informa
about the shape of the injection region, as well as the onset time
the injection. Furthermore, modelling of the energization of th
injected particles caused by the reconnection process in the n
Earth magnetotail has revealed the observed shift of inject
fronts for protons and electrons as well as particles with differe
energies.

4. Pulsaur II rocket experiment
Pulsaur II was a sounding rocket experiment, launched fro

Andøya Rocket Range (66.1˚ CGM latitude) at 23.43 UT (013
MLT) on February 9, 1994, into a pulsating aurora during th
recovery phase of a substorm. We utilized the X-ray measu
ments and electron measurements during this flight to develop
evaluate a method for deducing the energy spectrum of the e
tron precipitation from the X-ray measurements [Paper 1]. In th
section we will describe in more detail some of the procedur
used in that study and discuss the conclusions of the paper.

An X-ray detector measured X rays from 5.6 keV to >35.4 ke
and a photometer measured at the 4278 Å emission line, look
at 135˚ and 150˚ relative to the spin axis of the rocket, respectiv
(see Figure 1 on page 30, Paper 1). We used the information fr

Figure 12. Diurnal pattern of the spectral character of energetic
(~50-250 keV) electron precipitation suggested by bremsstrahlung
X-ray observations in the auroral zone [Barcus and
Rosenberg, 1966].

Figure 13. X-ray recordings in Scandinavia on July 28, 1965 and
simultaneous riometer recordings from the midnight sector from
Great Whale River [Kangas et al., 1975].
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an all-sky camera, combined with the correlation between pulsa-
tions in the X rays and the prompt N2

+ emission to find the time
interval best suited for comparing the electrons and the X rays (see
Figure 3 and Figure 4 on page 32, Paper 1). We selected a time-
interval when the footprint of the field line at the rocket position
(i.e., the electron measurements) and the area of the X-ray meas-
urements were close and both within a region of approximately
spatial uniform precipitation.

The method used to derive the isotropic flux of electrons from
the X-ray measurements was based on tables from Seltzer and
Berger [1974] and Walt et al. [1979] as described in Section 2.3.
The electron measurements were provided by an electrostatic ana-
lyser and a solid state detector and when making some assump-
tions [for details, see Paper 1] we obtained energy spectra from 10
eV to ~250 keV and full pitch angle information about the elec-
trons from 10 eV to 25 keV. To be comparable to the isotropic
electron precipitation in the downward hemisphere derived from
the X-ray measurements we transformed the highly anisotropic
measured electron distribution (see Figure 8 on page 36, Paper 1)
into an equivalent isotropic distribution of electrons, by which we
mean the isotropic flux of electrons that would result in the same
number of absorbed electrons as the anisotropic electron flux will
give. To do this we used the results from Mæhlum and
Stadsnes [1967] to find the fraction of absorbed electrons entering
the atmosphere at different nadir angles (θ). Contrary to earlier
studies based on a secant-θ method [e.g., Rees, 1963] their Monte
Carlo method did not give any altitude dependence of the maxi-
mum absorption peak for different nadir angles. However, they
found the magnitude of energy deposition to decrease with
increasing nadir angles as the fraction of backscattered electrons
increases when entering at slant angles. Both methods are shown
in Figure 14. From their Table 2.2. we found the fractions of
absorbed electrons (i.e., the electron energy deposition efficiency)
for 20 keV electrons, which are similar for 52 keV, 80 keV and
100 keV, at three different nadir angles, i.e.,θ = 30˚, 60˚ and 80˚.
We interpolating the fraction of absorption between these nadir
angles. Then we calculated the total electrons entering a horizon-
tal unit area of a plane atmosphere within 9 pitch angle intervals
from 0˚-90˚ using (12). By setting the pitch angle equal to the
nadir angle, which is a reasonable assumption at such high lati-
tudes, we established the fraction of absorbed electrons in each
10˚ pitch-angle interval (Ai) given in Table 6. By using (13) we
transformed the measured anisotropic electron directional fluxes
jMi into an equivalent isotropic electron flux,j IS (s sr keV cm2)-1,
that would result in the same number of absorbed electrons as the
anisotropic electron distribution will give.

(12)

(13)

To do this calculation properly the measured electron flux has
to be transposed from rocket altitude down to 100 km, i.e., where
the X rays are assumed to be produced. As this was not done in the
calculation in Paper 1 we did also include electrons outside the
loss cone in our calculation of an equivalent isotropic flux of elec-
trons. However, we have rerun the calculations, transposed the
fluxes within the loss cone at the rocket altitude (i.e., at pitch

angles <74˚) down to 100 km according to Liouville’s theorem
and the conservation of the 1. adiabatic invariant. By looking in
the codes once more we also found that the double exponentia
ray representation of the measured X-ray spectra were sligh
overestimated. Correcting for both these errors we now obtain b
ter fits for the X-ray spectra as can be seen in Figure 15 (which

J α1 α α2< <( ) π α1cos( )2 α2cos( )2
–( )=

j IS

jM i Ai
i 0=

8

∑

Ai
i 0=

8

∑
------------------------=

Figure 14. Production rate of ionization in the atmosphere for
non-vertical beam of monoenergetic electrons (flux = 1 electrons
(cm2 s)-1) with E0 =100 keV. (a) Calculation based on a secant-θ0

correction (θ is the nadir angle) in the atmospheric depth. (b) Ca
culation based on Monte Carlo-method. (same as Figure 4.2
Figure 4.6 from Mæhlum and Stadsnes [1967]).

Table 6.Values for estimating the equivalent isotropic flux of
electrons from anisotropic electron fluxes.

Pitch angle
interval
i=(α1-α2)

J(α1<α<α2) Fraction absorbed
[Mæhlum and
Stadsnes, 1967]

Absorbed
electrons
(Αi)

0 = 0 -10 0.0947308 0.86 0.0814685

1 = 10 - 20 0.272766 0.85 0.231851

2 = 20 -30 0.417902 0.83 0.346858

3 = 30 -40 0.512632 0.80 0.410106

4 = 40 - 50 0.545532 0.75 0.409149

5 = 50 -60 0.512632 0.67 0.343464

6 = 60 -70 0.417902 0.56 0.234025

7 = 70 - 80 0.272766 0.40 0.109106

8 = 80 - 90 0.0947305 0.25 0.0236826

Sum 3.14159 2.18971

a

b
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.4.
the same spectra as shown in the two upper panels of Figure 10
page 38, Paper 1). We have also replotted the upper pane
Figure 11 on page 39, Paper 1, which is shown in Figure 16. T
average discrepancy between directly measured electrons
derived electrons from X rays, integrated in the energy range fro
10.8 keV to 250 keV, is now 4% (instead of 27% [Paper 1]) but th
correlation has decreased from 0.6 to 0.52. However, the
improved results are just minor adjustments having no influen
on the conclusions in the paper.

The good results reported in this study [Paper 1] were provid
by the combined use of the results from different studies that co
stitutes a complete method to derive equivalent isotropic flux
and spectra of electrons from the angular-dependent precipita
electrons and from the angular-dependent X-ray measurement

1. When deducing the electron spectra from the X-ray spec
we used a sum of two exponentials to represent the measure
rays. This was found to represent the X-ray spectrum quite prop
ly and has also been reported from other rocket X-ray measu
ments during the early recovery phase [Goldberg et al., 1982].

2. We transposed the anisotropic fluxes to equivalent isotro
fluxes of electron precipitation, using results from Mæhlum an
Stadsnes [1967], as the models [Seltzer and Berger, 1974; W
et al., 1979] assume isotropic fluxes of the electrons.

3. By combining the two models [Seltzer and Berger, 197
Walt et al., 1979] we were able to take into account that the X ra
are not emitted isotropically from the production layer. The pre
erence for near horizontal escape angles is significant for all en
gies and most pronounced at the higher X-ray energies.

Following this procedure we obtained a combined model f
deducing electrons from X rays. The discrepancies in our calcu
tions were well within the errors due to uncertainties, resultin
from the instruments and the geometry of the observatio
Although our results showed satisfactory agreement betwe
observed and derived electron fluxes and spectra, there are
shortcomings in the inversion technique used in this study.

1. In the paper of Walt et al. [1979] the angular distribution o
X rays propagating out of the atmosphere is given only for fiv
different e-folding energies of the electron spectra. In the inve
sion process one thus have to interpolate between these distr
tions and this introduces some uncertainty. As described
Section 2.3 the code developed from Lorence [1992] enables u
calculate the X-ray angular distribution in zenith angular interva
of ~10˚, providing a significant improvement of the inversio
technique, which were used for the PIXIE data and will be di
cussed in Section 5.4

2. The theoretical models by Seltzer and Berger [1974] a
Walt et al. [1979] assume an exponential shape of the elect
energy spectrum. This is clearly an idealization of the real sha
of the electron energy spectrum which sometimes may be fa
good but in other cases not so good at all. Both Maxwellians a
exponentials have been widely used to represent the electron s
trum, but as only electrons >5.6 keV in this study (and >3 keV
the PIXIE measurements) produce measurable X rays, these
distribution functions are very similar, regarding X-ray productio
at energies above the low-energy threshold of our instruments.
using the double exponential representation we were able to t
into account the frequently observed hard tail in the electron sp
trum. However, others [e.g., Christon et al., 1991; Sharb
et al., 1998] have found that a Kappa function is even better
represent the hard tail of the electron spectrum. This will be d
cussed later in connection with the PIXIE studies, see Section 5

Figure 15.X-ray energy spectra for 167- and 175-s flight time, in
lin-log scale.Solid line: measurements in azimuth sector 0˚ to 30˚,
with error bars (statistical fluctuations) indicated. The channels
10.0-12.3 keV and 12.3-15.8 keV are added.Dotted line: two ex-
ponential approximations.Dashed line: the two exponential ap-
proximations added.
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3. Seltzer and Berger [1974] and Walt et al. [1979] assumed
isotropic fluxes of precipitating electrons. In our case we observed
an anisotropic electron precipitation. In our calculations of the
equivalent isotropic electron distribution, we have assumed that
the X-ray production from monoenergetic electrons is propor-
tional to the number of electrons absorbed in the atmosphere. We
do not know how good this assumption is.

4. Both Seltzer and Berger [1974] and Walt et al. [1979]
assumed homogeneous electron precipitation over wide horizontal
areas. This is most often not the case in reality and it is clear that
the geometry of the electron precipitation regions will influence
the angular distribution of the X rays leaving the atmosphere.
Assuming uniform precipitation, the van Rhijn effect will influ-
ence the calculation of the angular distribution of X rays to a large
extent. In the case studied in Paper 1 we observed both arc frag-
ments and patches, and as the detector was looking at slant angles
at the source region the van Rhijn effect will be different from the
uniform precipitation case, causing some uncertainty in the calcu-
lations.

From the study presented in Paper 1 we may conclude that
using proper inversion procedures, X-ray measurements was
proven to be a powerful technique to derive the spatial, temporal
and energy distribution of the energetic electron precipitation.

5. Global X-ray imaging by PIXIE
With the PIXIE instrument on board the Polar satellite a new

era of X-ray measurements was initiated. The global images taken
during apogee passes enable us for the first time to study the
dynamics of the entire global X-ray aurora. In this section we will
briefly describe some of the problems we encountered in the
image processing and how we solved them. We will also discuss
the main results from our analysis of the PIXIE data, which are
reported in 2 published papers [Paper 2; Paper 3] and 2 submitted
papers [Østgaard et al., 1999d, hereafter called Paper 4; Paper 5].

5.1. The PIXIE instrument and image processing

For a detailed description of the image processing procedure

we refer to Technical Report and here we just want to point o
some main aspects of the image processing.

PIXIE is a pinhole camera with four stacked multiwire propo
tional counters as detecting elements. Two detectors are in
front chamber, which contains a 1.1 atm Ar/CO2 mixture, has a
0.1 mm Be entrance window, and is sensitive to X-ray photo
from ~2 to ~10 keV. The rear chamber, with a 2 atm Xe/CO2 mix-
ture and a 2 mm Be window, contains the other 2 detectors a
covers the energy range from ~10 keV to ~60 keV. Generally t
photons are stopped by photoelectric absorption in the detec
gas. The photon energies are revealed by the amplitudes of
anode signals and are digitized into 64 energy channels for e
layer. The corresponding induced signals in the surrounding ca
ode wires provide the X and Y positions of the interaction and
read out through a graded density wire structure [Gilv
et al., 1981]. Thus every X-ray photon is recorded separately w
energy, position and time. The graded density position read-
system has some inherent non linearities. To correct for thes
look-up table was included in the instrument electronics in ord
to linearize the position coordinates.

As for all space borne instruments properly calibration w
provided before launch both regarding spatial determination a
energy response. Correction of the count rates due to dead tim
the instrument, the read out system and the telemetry were all w
known and rather straight forward to correct for. What causes
main problem for the PIXIE instrument was the change of temp
ature relative to the expected operational temperature. The ins
ment was calibrated for operating at slightly below room
temperature, as predicted by the pre-launch thermal simulati
but soon after launch it became obvious that the temperature
usually below -10˚C. This large change, i.e., ~25˚, introduc
unknown gain shifts and signal offsets in the instrument electro
ics, which made the pre-launch calibrations, both the spatial de
mination and the energy response, almost useless. Thus a com
correction scheme had to be established in order to correct
these errors.

The main effects of the unknown gain shifts and signal offse
are:

Figure 16.Calculated electrons from differential X-ray spectra and directly measured electrons, equivalent isotropic integral fluxeSolid
Line: Electrons integrated from 10.8 keV to 250 keV, calculated from X-ray differential spectra (5.6 - 100 keV) measured in the a
sector from 0˚ to 30˚.Dashed Line: Directly measured electrons, integrated from 10.8 keV to 250 keV.
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1. The position coordinate linearization by the look-up table
works more like a ‘scrambler’ rather than a correction procedure.
The position corrections routines now have to be energy and tem-
perature dependent and each wire layer (cathode) now behaves
differently.

2. The instrument energy calibrations taken at near room tem-
peratures are no longer valid.

Additional problems which appeared during flight:
3. The front chamber (the low energy section of the instru-

ment) developed an intermittent high voltage supply problem,
which is resolved by duty cycling the high voltage supply. In the
early stage this instrument section could be operated at less than
10% duty cycle, but later one has obtained up to 80% duty cycle,
which is quite satisfactory.

4. A gradual increase of the gain in the front chamber which is
interrupted by a smaller decrease during each biannual flip of the
satellite.

Since PIXIE analogue electronics temperatures spend most of
its time below -10˚C we have concentrated on developing a cor-
rection procedure for this temperature range, and we are at present
able to provide X-ray images and X-ray spectra with a spatial res-
olution only dependent on the geometry of the camera and statisti-
cal error due to the count rates of the auroral X rays. Basically
there were three different kind of correction schemes to be made.
1. Background subtraction. 2. The position determination. 3.
Energy calibration.

5.1.5. Background Subtraction. For a time interval to be
classified as background interval we required:

1. Analogue electronic temperature is below -10˚ C.
2. No auroral X rays nor celestial X rays are visible.
3. Satellite at radial distances greater than 6RE.
As the position determination due to the signal offset were both

time and energy dependent we have sampled background matrices
for different periods of time and for 5 different energy bands in
each layer. The separation in 5 energy bands was chosen in order
to improve the statistics in each energy band. As we found that the
fluorescence peak and the background noise to dominate the count
rates in anode 3 above channel 22, we have sampled the back-
ground for this anode in two energy bands, channels 10 through
15 and channels 16 through 21. These background matrices are
now used for subtraction.

As background radiation we consider all radiation which are
not X rays produced by precipitating electrons in the atmosphere.
There are at least 3 sources for this background radiation.

1. X-ray bremsstrahlung produced when energetic electrons
strike the structures surrounding the chambers. These X-ray pho-
tons will probably enter the detector chambers almost isotropi-
cally, with some preferences of radiation from the sides and the
rear due to the location of the surrounding structures.

2. Cosmic X rays coming in through the pinholes. These X
rays will be detected during apogee passes when the Earth does
not cover the whole field of view of PIXIE.

3. Minimum ionizing particles passing through the chambers
and avoiding the veto system.

Compared to the contribution from minimum ionizing particles
we found the X ray background to be dominant. This means that
in addition to be used for background subtraction the information
of non-linear effects in the background can be used to correct for
the non-linear effects seen in the auroral X-ray images for both the
front chamber and the rear chamber. Thus an algorithm to redis-
tribute the auroral X-ray counts were established [see Section 5.2,
Technical Report].

5.1.6. The Position Determination. After applying the non-
linearity correction procedure (Figure 10 on page 103, Techni
Report) there are still two more steps in order to establish the c
rect coordinates for the images. First, applying large-scale fact
provides that the distance between the sub-images is consis
with the distance between the pinholes. Finally the center of t
focal plane has to be determined for all the layers. The position
the neutron-star binary Circinus X-1 X-ray source is accurate
known. By comparing the nominal and observed locations of
image an absolute position calibration is obtained for center pix
of the first two detector layers. Due to the softness of the spectr
from Circinus X-1 the method can only be applied to the fro
chamber. To determine the center pixel in layer 3, i.e., determin
the true mechanical position of the layer 3 pixels, we used X-r
events with bright narrow spots visible in both layers and shift
the layer 3 image around until we obtained the best spatial corre
tion with layer 1.

5.1.7. Energy Calibration. Energy calibration is performed
by two internal X-ray calibration sources, one at 5.895 keV f
anodes 1 and 2, and another at 22.1 keV for anodes 3 and 4.

As discussed in Section 2.3 the line emission from Ar must
taken into account when the detector uses Ar as stopping gas.
PIXIE the Ar line has been successfully utilized during calibratio
run as the Ar escape peak is seen at 2.9 keV, i.e., 5.895 keV - 2
keV (where 2.96 keV is the Ar K-α line) providing two calibration
points and thus enabling determination of both the gain and off
for this layer. When detecting auroral X rays the Ar escape pe
will be distributed through the entire energy range, i.e., atEX - 2.9
keV with an intensity less than 7-8% of the incoming X-ray pho
ton with energy,EX, and the error from this effect is therefore neg
ligible. The energy calibrations have revealed an unexpected g
drift in the front chamber, which is seen as a gradual displacem
of the calibration peak towards higher channels interrupted by
smaller decrease during each biannual flip of the satellite. Exa
nation of these temporal changes resulted in a linear relat
between the calibration peak (PC) and the day number (dN), as
given by (14) (A andB are constants).

(14)

This relation is documented in Figure 6 on page 100, Techni
Report. Furthermore, based on the two peaks from the calibrat
run the relation between offset and calibration peak was a
found to be linear. Given the temporal changes of both the g
and offset the energy of each X-ray photon in the front chamb
can be properly determined.

For the rear chamber, filled with Xenon gas, we obtained on
one peak from the calibration run, i.e., at 22.1 keV (or a doub
peak, see Figure 5 on page 100, Technical Report). To obtain
estimate of the offset in the rear chamber we based our reason
on the fact that in general an X-ray bremsstrahlung spectrum
to be monotonously decreasing towards higher energies. Furth
more, an eventual hinging point (i.e., the transition from one do
inating e-folding energy to another) shall not necessarily be at
intersection of the ranges of anode 1 and anode 3. By applyin
non-zero offset to the energy spectrum of anode 3 we found it p
sible to a large extent to comply with these constraints, as sho
in Figure 7 on page 101, Technical Report.

5.1.8. Time and Spatial Resolution.The spatial resolution
is determined by the pinhole size and corresponds to ~1000
and ~150 km in the X-ray source region in the atmosphere,
apogee and perigee passes, respectively.

The time resolution for the global auroral images are dete

PC A dN⋅ B+=
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ity
mined by the counting statistics and is therefore better for the
lower than for the higher energies, due to the shape of the X-ray
bremsstrahlung spectrum. For apogee passes we have found that 5
min accumulation time is a proper choice for the rear chamber, but
down to 1-2 min can be used for the front chamber. For the peri-
gee passes these accumulation times can be lowered considerably,
due to the much higher counts rates, but so far we have not sys-
tematically studied any events during perigee passes. The accumu-
lation times given here are for moderate events and can be lowered
for stronger events. To study temporal changes during the apogee
passes at even better time resolution, we have integrated properly
defined areas giving a time resolution down to ~30 s, which is
comparable to imaging techniques at other wavelengths. As we
record every X-ray photon separately with energy, position and
time, the time resolution can be adjusted according to the strength
of the event. Compared to previous X-ray imaging instruments the
PIXIE camera represent a huge improvement regarding the global
coverage and time resolution. However to study fine spatial fea-
tures, X-ray instruments onboard low-altitude satellites are more
suitable, e.g., the UARS PEM/AXIS.

By isolating the different processes taking place in the PIXIE
camera and providing calibration and correction in a modular step
procedure we believe that the spatial resolution for the processed
PIXIE image is now restricted basically by the geometry in the
camera and the statistically errors due the low count rates of X-ray
bremsstrahlung from the ionosphere. We also think the way we
have proceeded give us the X-ray energy spectra in 6 energy bands
(4 from the front chamber and 2 from the rear chamber).

5.2. Global dynamics of substorms observed in X rays and UV

Motivated by the electron precipitation morphology found in
the statistic studies of cosmic radio noise absorption [Berkey
et al., 1974], in-situ particle measurements [McDiarmid
et al., 1975; Hardy et al., 1985] and X-ray measurements from
balloon campaigns [Sletten et al., 1971; Kangas et al., 1975] we
initiated a statistical study of the development of isolated sub-
storms by comparing global images at two different wavelengths,
i.e., UV and X rays from the two cameras onboard Polar (UVI and
PIXIE). The study is presented in Paper 2 and here we will briefly
discuss the main results of the paper.

Due to the low duty cycle of the front chamber in the early
stage of the mission only the rear chamber of the PIXIE instru-
ment could be used to study the continuous time development of
substorms during 1996. Here it should be mentioned that without
the effort from the Bergen PIXIE group to develop the image
processing scheme from both the front and rear chamber as
described in Technical Report this study could not have been
accomplished. While the UVI LBHL band, used in Paper 2,
responds to the total electron energy flux, which is usually domi-
nated by electron energies <10 keV (see Section 2.2), the PIXIE
X-ray images from the rear chamber are in the energy range of
9.9-19.7 keV, which are X rays produced by electron energies
>~10 keV. Thus, for this study the UVI and PIXIE provide images
from complementary ranges of electron energies, well suited to
examine differences in the low- and high-energy range of electron
precipitation. With this ability to follow both the spatial and the
temporal development of substorms in a wide energy range we
were able to verify the results and the suggestions put forward in
the papers mentioned above and establish a more comprehensive
picture of the energetic substorm.

We looked through the entire data set of PIXIE measurements
from 1996. As mentioned in Section 5.1 our image processing

scheme was only valid during times of low temperature of the an
logue electronics (<-10˚C) and thus only measurements from l
May to early Oct. and from late Nov. and throughout Dec. (s
Figure 2 on page 98, Technical Report) could be used for t
study. To be included as isolated substorms for this study we a
demanded that:

1. The provisional AE index from Kyoto data set showed sig
nificant signatures of isolated substorms.

2. During apogee passes UVI and PIXIE both covered the su
storm onset and the main part of the recovery phase.

We found 14 isolated substorms during 1996 which compli
with these constraints [Paper 2]. Later we included 2 events fro
1997 when both the front chamber and rear chamber were ope
ing (presented in Paper 4). For each of these substorms we ex
ined energetic particle measurements from geosynchron
altitude from a set of satellites operated by Los Alamos Nation
Laboratory (LANL) and the NOAA Geostationary Operationa
Environmental Satellite (GOES). Measurements from all the
satellites were used in this study depending on their locations
the different events. As the X-ray emission observed by the PIX
rear chamber is primarily generated by electrons with energies
100 keV, we mainly focused on the lower-energy channels (5
500 keV) when we compare the ionospheric X-ray fluxes to ele
tron injections seen by the LANL satellites. For compariso
between PIXIE and GOES the lowest electron integral chan
(>600 keV) is used. As we often observe injections of both ele
trons and protons during the substorm onset, we also inspected
injection signatures seen in the proton measurements from
LANL and the GOES spacecrafts. Solar wind data from the Win
satellite and ground-based magnetic measurements from Inte
tional Monitor for Auroral Geomagnetic Effects (IMAGE), Cana
dian Auroral Network for the OPEN Program Unified Stud
(CANOPUS), or Sodankylä have also been studied for each ev
The CANOPUS and IMAGE networks were used for compariso
when the onset took place during 02-10 UT and 13-18 UT, resp
tively. The results are listed in Table 1 on page 51, Paper 2.

When displaying the substorm development as seen in UV a
X rays one significant difference appeared to be very obvious
almost every substorm. Delayed relative to substorm onset a m
imum of X-ray emission appeared around 5-9 MLT, which we
rarely seen in the UV images. To study this feature and especia
the time delays between the substorm onset and the onset of
morning maximum of X-ray emission, we wanted to examine th
time development of the X-ray substorm along the auroral zone
the finest time resolution. By using 5 min accumulations of th
global X rays sampled every 30 s, integrating separately in ever
hour MLT sector between 60˚ and 74˚ CGM latitude we obtain
a time resolution of about 1 min. The end of the accumulatio
time interval was used for the timing of onset. To improve the st
tistics 2 hour MLT sectors were chosen. For fluxes of 25
(keV s sr cm2)-1 theσ is ~20%, and for 100 (keV s sr cm2)-1 theσ
is ~30%. The result of this procedure is shown in e.g., Figure 3
page 49, Paper 2.

Paper 2 represents the first study ever of the global features
the energetic precipitation compared to the softer part of the p
cipitation using remote sensing techniques at two different wav
lengths, i.e., UV and X rays. The main results were as follows.

1. Growth phase signatures of directly driven precipitation
dawn and dusk were not seen by PIXIE but were common featu
in the UV substorms, indicating mainly soft precipitation. Growt
phase signatures as those reported by Pytte and Trefall [19
were not observed. This may be attributed to the higher sensitiv



N. ØSTGAARD: THE DYNAMICS OF ENERGETIC ELECTRON PRECIPITATION . . . MONOGRAPH 19

nd

ir-
he

n-

d
e

e is
11-
re-
. We
the
e

d-off

-
e
an
th
xi-
of the scintillator and Geiger-Müller tubes used for the balloon
campaigns. A study focusing on substorm onsets when both the
front and rear chambers of PIXIE are operating will probably
reveal more information about this. Such a study has been initi-
ated by the Bergen group and some preliminary results were
reported by Stadsnes et al. [1998].

2. The substorm onsets were seen simultaneously by UVI and
PIXIE and correlate very well with both the injection signatures
seen at geosynchronous orbit and the ground-based magnetic
measurements (see Table 1 on page 51, Paper 2).

3. During the expansion phase the most intense UV emissions
were observed at duskward part of the bulge, while the most
intense X rays were moving dawnward. Thus the westward move-
ment or the WTS, which is believed to be a common feature dur-
ing the expansion phase of the substorm [Akasofu, 1964; Meng
et al., 1978] is not a common feature when looking at the ener-
getic electron precipitation during the expansion phase. Only
occasionally did we observe a significant westward movement of
X-ray features, similar to what Berkey et al. [1974] have reported,
and we may conclude that the WTS is basically a low-energy phe-
nomena (<10keV) which only occasionally include energetic elec-
tron precipitation (>10 keV). An example of the latter is shown in
Figure 17, i.e., a westward expansion from substorms onset in the
20-22 MLT sector into the 19-21 MLT and 18-20 MLT sectors.

4. During the recovery phase a maximum of X-ray emission
was seen in the morning sector, which confirms the results found
by others [Jelly and Brice, 1967; Berkey et al., 1974; McDiarmid
et al., 1975; Hardy et al., 1985]. In both the UV and the X-ray
substorm we saw eastward motion of the precipitation area, but
the maximum in the morning sector is a common feature only in
the X-ray substorm. As 3 of the substorms in our data set hap-
pened to have substorm onset in the same local time sector we
normalized and superimposed these substorms in order to repre-
sent an ‘average’ X-ray substorm, as shown in Plate 2 on page 52,
Paper 2. Compared to the schematics proposed by Akasofu [1968]
the main difference is that the morning maximum is very signifi-
cant in our ‘average’ X-ray substorm.

5. On the basis of the time development of X-ray fluxes in 2
hour local time sectors we determined the time and location both
for the substorm onset and the first enhanced X-ray fluxes seen in
the morning sector, which can be related to the injection in the
midnight sector. By using drift models of the gradient and curva-
ture drift of electrons [Lew, 1961, Roederer, 1970], we found the
time delays of 9 substorms from 1996 to be consistent with drift-
ing electrons in the energy range of 90-120 keV (Figure 7 on
page 53, Paper 2). In a review [Paper 4] of this result we plotted
only the time delays where both the substorm onset and the onset
in the morning sector were well-defined (i.e., the first category of
1996 substorms) and added 2 more substorms from 1997 and
found the time delays to be consistent with drifting electrons in
the energy range of 90-170 keV (see Figure 5 on page 75, Paper
4). On the basis of these results we conclude that the maximum of
precipitation observed in the morning sector is not caused by any
new source region in the magnetosphere but rather to electrons
injected close to midnight, drifting into the morning sector
because of their gradient and curvature drift in the inhomogeneous
magnetic field.

Based on our findings in this study we also suggested 2 possi-
ble candidates of explanations for the observed morning maxi-
mum.

1. One candidate for such a mechanism is the wave-particle
interaction between VLF waves and electrons, i.e., the doppler-

shifted cyclotron resonance of anisotropic electron fluxes a
whistler mode waves.

2. Another candidate is more straightforward. Equatorial m
roring energetic electrons injected in the midnight sector from t
inner edge of the plasma sheet (5-7RE) will drift along contours
of constant magnetic field strength when the influence of the co
vective electric field can be neglected (i.e., for electrons >∼100
keV). These contours are fairly asymmetric [Fairfield, 1968] an
will cause the electrons to move outward as they drift into th
morning sector. During disturbed conditions the magnetospher
compressed, and the dawn magnetopause could well be at
13RE. Such values are obtained when the solar wind measu
ments are used to estimate the dawn magnetopause position
did this for 9 of the substorms presented in Paper 2, when
morning maximum could be well identified. The estimates of th
dawn magnetopause location are based on evaluating the stan
distances,RST given by (15) [Walker and Russell, 1995],

(15)

wherenSW is the solar wind density anduSW is the solar wind bulk

Figure 17.Time development of the mean differential X-ray flux
es in sectors from 18-20 to 8-10 MLT and fixed magnetic latitud
60˚-74˚. Dotted lines indicate the first enhancement of the me
differential X-ray flux, the dashed line indicates the sectors wi
the largest increase rate of fluxes and solid lines are the first ma
ma.
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speed and the relation between the locations of the subsolar and
the dawn magnetopause found by Sibeck et al. [1991]. Based on
measurements from ~1000 magnetopause satellite passes for a
large range of solar wind pressure conditions Sibeck et al. [1991]
found the relation between solar wind pressure and subsolar mag-
netopause location as shown by solid line in Figure 18a. The trian-
gles and crosses show the RST positions for the 9 substorms
calculated from (15) with the measurements from the Wind satel-
lite as input. In Figure 18b the solid line shows the relation
between the locations of the subsolar magnetopause and the dawn-
side magnetopause as found by Sibeck et al. [1991] and the trian-
gles and crosses show the dawnside magnetopause location for the
9 substorms using the same relation as Sibeck et al. [1991] found.
It is seen that dawnside magnetopause location at 11-13RE corre-
spond to the high solar wind pressure events. If this is the case the
energetic electrons may drift into the magnetopause. In this region
the conservation of the 1. adiabatic invariant breaks down, and the
electrons will be scattered into a fully isotropic distribution. For
the events where the peak intensity of X-ray emission was found
at 66˚-67˚ CGM latitude this explanation is probably not appropri-
ate. However, for the other half, where the peak intensity was
found at 70˚-71˚ CGM latitude, the source region may be identi-
fied closer toward the magnetopause [Newell and Meng, 1994] as
discussed in Section 4, Paper 2. Disregarding for the moment that
field lines are stretched towards the tail in the flanks we assume
that the magnetic field is approximately dipole shaped in the dawn
region, as extracted from the data set from Isenberg et al. [1982]
(see Figure 19 on page 24). Thus we can use the simple relation
given by

(16)

which traces the magnetic field line atL=11-13 in the equatorial
plane down toλ=72.4˚-73.8˚ magnetic latitude, which is only 1.5˚
poleward of where we observe the X-ray emission for half of the
events.

These candidates of explanations will both be discussed further
in Section 5.5 when both X-ray features and in-situ electron meas-
urements from passes through the region of the morning precipita-
tion are examined [Paper 5].

5.3. A study of substorm onset triggering processes, PIXIE
and Geotail

One of the events used in the statistical study, i.e., the substorm
event on December 10, 1996, happened to occur during a time
period when Geotail was very well located in the distant tail [-25,
2, -2] RE in geocentric solar magnetospheric (GSM) coordinates,
in order to observe the substorm evolvement and the occurrence of
reconnection processes. The study which is presented in Paper 3
was based on a large data set from many spacecrafts and ground
based measurements and extensively utilized the opportunities
given by the International Solar Terrestrial Physics (ISTP) pro-
gram. The primary data basis for this study was the High Energy
Particle - Low energy particle Detector experiment (HEP-LD) on
board the Geotail spacecraft, run in a special plasmoid mode and
the PIXIE X-ray camera. In addition, magnetic measurements
from Geotail, UV images from Polar, ground-based magnetic
measurements from high-latitude and mid-latitude stations and
particle measurements at geosynchronous orbits (LANL) as well
as solar wind measurements by the Wind satellite were examined.
The aim of the study was to study the substorm event in the con-

text of substorm triggering processes and theories proposed
explain substorm growth phase and expansion phase. We also
formed mapping of the X-ray intensity contours along the fie
lines into the equatorial plane of the CPS, using a model
Tsyganenko [1995] in order to identify the source regions of t
energetic precipitation (see Plate 2 on page 63, Paper 3). The m
ping results were found to be consistent with the in-situ partic
measurements of injection signatures in the tail (Geotail) and
geosynchronous orbit (LANL).

During the substorm event, which was associated with a we
magnetic storm that started the day before, two onsets could
identified; 1704 UT and 1736 UT. In addition, there was a tra
sient energetic precipitation event at 1720 UT. The first ons
involved predominantly low energy electrons, as this was on
seen in UVI LBHL band emission (i.e., electron energies <1
keV) while the second also included the energetic electrons, me
ured by PIXIE rear chamber (electron energies >10keV).

Prior to the substorm onset at 1704 UT the magnetic measu
ments from Geotail indicated a stretched tail configuration, a
although theBZ component of the interplanetary magnetic fiel
(IMF) was close to zero the energy input to the magnetosph
was above the substorm level (>1011 W) [Akasofu, 1981], prima-
rily due to the large solar wind velocity observed by the Wind sa

L
1

λcos( )2
-----------------=

Figure 18. Estimates of the location of the dawnside magnet
pause for 9 of the substorm events in our data set. (a) Location
the subsolar magnetopause as a function of solar wind press
Solid line is the measurements from Sibeck et al. [1991] and tria
gles and crosses are from our data set using theRSTdistance as the
subsolar magnetopause location (15). (b) Location of the dawns
magnetopause as a function of the subsolar magnetopause loca
Solid line is the measurements from Sibeck et al. [1991] and tria
gle and crosses are from our data set when using the relations
different solar wind pressure conditions given by Sibec
et al. [1991].

a

b
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ellite at that time (see lower panel of Figure 2 on page 59, Paper
3). To estimate the energy input to the magnetosphere at the sub-
solar magnetopause the classical Akasofuε parameter [Perrault
and Akasofu, 1978] was used

(17)

wherev is the bulk speed of the solar wind,B is the strength of the
IMF, θ is the clock angle of the IMF, i.e.,θ = tan-1 (|BY| / |BZ|) for
BZ >0 andθ = 180˚ - tan-1 (|BY| / |BZ|) for BZ <0 andl0 is an empiri-
cally determined scale length for the interaction to occur and is
usually set to 7RE.

5.3.1. Growth Phase Signatures.At 1654 UT a small flux
rope is launched as a result of enhanced reconnection earthward of
Geotail (seeBZ andBY in Plate 1 on page 60, Paper 3), but no other
measurements indicate any breakup signature. UV images show a
typical growth phase brightening which may be interpreted as a
response to the reconnection event combined with the existing
weak precipitation related to a stretching of the tail and subse-
quent particle scattering at the earthward boundary of the plasma
sheet [Sergeev et al., 1983]

5.3.2. Expansion Phase and First Onset.The first onset
was identified at 1704 UT from the pulsation measurements at
Sodankylä (Figure 3e on page 61, Paper 3). At the same time a
larger flux rope passes above Geotail and the UV images (Plate 3f
and 3g on page 65, Paper 3) show an azimuthally and northward
expanding bulge. No energetic precipitation is seen in the X-ray
measurements indicating mainly soft precipitation. This was also
supported by plasma data from Geotail. This onset may be related
to the northward turning IMFBZ observed at 1648 UT at the Wind
satellite (Figure 2 on page 59, Paper 3). The time delay of 16 min-
utes is in agreement with the expected time delay of 10 - 16 min-
utes, using methods described by Sergeev et al. [1986] and Kan
et al. [1991].

At 1720 UT a transient energetic precipitation event is seen in
the X-ray images, emerging at the poleward edge of the existing
UV bulge. The mapping result of the X-ray emission contour indi-
cates a source region for this precipitation to be tailward of Geo-
tail. In the UV images, which primarily reflect the soft
precipitation, a quite different development of the substorm is
seen at this time. Here, the existing bulge continues to expand
northward and azimuthally. Consistently with the expansion of the
UV features the downward field aligned currents (FACs), inferred
from magnetic measurements at mid-latitudes [Sergeev
et al., 1996], move eastward, while the upward FAC moves west-
ward, as shown in Figure 5 on page 62, Paper 3.

The early stage of the expansion phase of this substorm empha-
sizes very clearly how differently the substorm characteristics are
observed depending on the energy range we examine. The soft
precipitation seen in the global UV images displays an entire sub-
storm development, while the energetic precipitation depicted by
PIXIE only shows a transient and spatially limited event occurring
at 1720 UT. The source region for the soft precipitation observed
in the UV images is clearly earthward of Geotail - probably close
to the inner edge of the plasma sheet, whereas the energetic pre-
cipitation maps to a source area tailward of Geotail (Plate 2 on
page 63, Paper 3). The substorm is neither very intense nor very
explosive, and there are no distinct injections at geosynchronous
orbit. The low energy input from the solar wind prior to this onset
can account for the weak and slow nature of this onset.

The persisting precipitation area observed in the UV images

expands poleward, enhancing at the same time and at the s
location as the transient energetic precipitation occurs. The p
cipitation in the entire region will account for a build up of con
ductivity in the ionosphere at different altitudes according to th
energy differences. Such a preconditioning helps the ionospher
support and close the field aligned currents resulting from the c
rent diversion in the magnetosphere.

5.3.3. The Second Onset.The global PIXIE (and UV)
images demonstrate that the breakup at 1736 UT, which inclu
energetic injection and precipitation, takes place on the equa
ward western edge of the existing precipitation area. Althou
magnetic field line mapping during such disturbed conditions
subject to large uncertainties, the source area of the auro
breakup locates to a position well earthward of Geotail, possib
close to geosynchronous orbit (Plate 2 on page 64, Paper 3).
ground magnetic response to the breakup shows significant
pulsations and the magnetic measurements at mid-latitudes i
cate intensification of both the downward and the upward FAC
the latter moving rapidly duskward.

Due to a large negative IMFBZ prior to this onset a large
amount of energy has been transferred into the magnetosphere
~20 minutes prior to this onset. The higher energy input m
account for the stronger and more explosive nature of this on
compared to the first onset.

The current wedge derived from ground magnetic measu
ments correlates very well with the features of soft precipitatio
while the energetic precipitation seem to correlate very well wi
the injection signatures from Geotail and LANL.

Although the revised NENL models [e.g., Shiokaw
et al., 1998] does not rely on any external trigger mechanism,
note that the IMFBZ turns rapidly northward around 1723 UT. The
time delay of 13 minutes is in good agreement with the expec
propagation times of solar wind discontinuities.

5.3.4. Mechanism for Substorm Onset.The observations
from Geotail are consistent with the interpretation that the su
storm activity is associated with magnetic reconnection in t
midtail plasma sheet (~ 25RE) prior to both onsets. However, the
PIXIE and UV images combined with the mapping results loca
the source regions for the breakups to the near-Earth region.
interpretation of the substorm development is illustrated
Figure 6 on page 67, Paper 3.

One model which is consistent with the observations for th
particular event is as following; magnetic reconnection occu
sporadically in the extremely thin plasma sheet in the near-Ea
tail and midtail throughout the growth phase. Consequent
plasma will be accelerated both in the earthward and tailwa
direction at the reconnection site. The fact that the field lines
the earthward side connect to the Earth produces an impor
asymmetry. Unless rapid transport- or loss mechanisms oper
plasma ejected earthward will accumulate and the density a
pressure gradients will build up. In the unstable conditions caus
by these parameters, there may be a number of candidates res
sible for the current disruption and explosive onset of substorm
For the particular substorm event studied here, changes of
solar wind IMF seems to trigger the breakups.

5.3.5. Conclusion.
Our main conclusions in Paper 3 are as follows:
1. Signatures of magnetic reconnection are observed in

midtail region prior to both onsets. The reconnection occurs sp
radically and burst like.

2. Both onsets are manifested by electron precipitation at g
bal scale, field aligned currents and Pi2 pulsations.
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3. The solar wind input energy prior to the first onset was low
compared to the second onset.

4. The source region of the energetic precipitation during the
first onset is tailward of Geotail while the corresponding source
region for the soft precipitation is well earthward of Geotail.

5. The second onset includes both soft and energetic electrons.
The difference in solar wind input energy prior to the two events
can probably account for the different nature of the two onsets.

6. Both onsets appear to be triggered externally by the north-
ward turning of the IMF BZ.

7. The source region expands both azimuthally and radially.
The expansion is reflected in the precipitation area and ground
magnetic perturbations.

8. The study presented here provides support to many of the
key elements of the revised NENL model; Reconnection around
25 RE generates fast earthward plasma flow which is detected by
Geotail. We do not have any direct observations of the flow brak-
ing and diversion process thought to take place at the boundary
between dipolar-like and tail-like magnetic field. In the revised
NENL model, the FACs are assumed to be a result of this braking
process. The observed Pi2 pulsations may be a consequence of
compressional pulses as postulated by the NENL model, although
we do not have any observations to confirm this.

9. The NENL model can not account for all of the observations
during the substorm event studied. The explosive nature of the
onset and the close relation between the onsets and solar wind
changes indicates that some kind of triggering mechanism is
involved. Furthermore, individual features like e.g. the transient
precipitation event seen during this particular substorm does not
easily fit into any standard model.

5.4. Derivation of electron spectra from X rays spectra

Motivated by our findings in the statistical study of global X-
ray features [Paper 2] we wanted to study the frequently observed
morning maximum of X-ray emission in the morning sector in
more detail. To do this we search for isolated substorms during
1997, following the same selection criteria as for the statistical
study but also demanding that both the front chamber and the rear
chamber of the PIXIE instrument were operating, in order to pro-
vide spectral information about the X-ray emission in the morning
sector. We also found it necessary to develop a method for deriv-
ing the electron spectra from the X-ray spectra from PIXIE and
compare these spectra with directly measured electron spectra
from low-altitude satellites. We found two isolated substorms
which complied with our constraints, July 31 and September 4. In
Paper 4 the first results from the comparison of low-altitude passes
by DMSP and NOAA-12 through the region of morning precipita-
tion are shown and in Paper 5 both the comparison of measured
and derived electron precipitation profiles and spectral character-
istics are shown.

To examine the properness of our inversion technique from X
rays to electrons we wanted to do the comparison both ways, by
comparing calculated X-ray production from measured electrons
with directly measured X rays and by comparing derived electron
precipitation from the X-ray measurements with directly meas-
ured electrons. For both these comparison we used the tables pro-
vided by a code developed from the transport code by Lorence
[1992]. These tables are calculated for exponential electron spec-
tra and yield the angular X-ray production in the upward hemi-
sphere (see Section 2.3). As the angular X-ray production is given
in ~10˚ intervals we were able to take into account the effect of
PIXIE viewing the ionosphere at slant angles.

To calculate the X-ray production from the electron measur
ments from DMSP and NOAA-12 satellites we found that electro
spectra both at midnight and in the morning sector can well
represented by double (or single) exponentials. It should be no
that a Kappa function would probably have been more suitable
represent the hard tail of the morning side spectrum, as propo
by others [e.g., Sharber et al., 1998], but as our X-ray calculat
procedure only allows exponentials and Maxwellians, we us
double exponential fits keeping in mind that the electron flux
might have been slightly underestimated for the high energies.
the NOAA-12 passes we also compared the directly measu
energy flux with the energy flux we obtained from the doub
exponential fit to the measurements from the two detectors. T
agreement was found to be acceptable as shown in Figure 4
page 85, Paper 5.

Based on the assumption of the double exponential represe
tion of the electron spectra we calculated the X-ray producti
along the satellites trajectory and compared with the direc
measured X rays from PIXIE. The measured X rays along t
magnetic footprint of the satellite were averaged within a circ
with a diameter of about 500 km and the spatial resolution of t
PIXIE images from these apogee passes is ~1000 km. Howeve
long as the averaging area is significantly smaller than the spa
resolution of the pinhole camera itself, the resulting spatial reso
tion of the X-ray profiles is basically determined by the spati
resolution of the camera, i.e., 1000 km. The profiles of the calc
lated X-ray production from the electron measurements we
smoothed by a running average of 140 seconds (i.e., over 1000
along the satellite orbit) in order to be comparable to the spa
resolution of the measured X-ray profiles (i.e., 1000 km). Here
should be emphasized that the smoothing of electrons can only
applied along the satellites trajectory and that any structures in
vicinity of this trajectory will not be detected by the satellites bu
will be within the region used to present the X-ray profiles. Fro
the NOAA-12 passes we had some pitch angle information as
Medium Energy Proton and Electron Detector (MEPED) (30ke
~1000keV) have two sensors looking at 10˚ and 80˚ local zen
angles, which correspond to 0˚-25˚ and 65˚-95˚ pitch angle int
vals, respectively. Based on these measurements of both trap
and precipitating electrons we were able to identify the region
isotropic electron precipitation. Assuming that the main ener
deposition is occurring at ~100 km altitude the loss cone at t
satellite altitude of ~850 km is found to be within ~50˚ pitch ang
in the northern hemisphere (>50˚ CGM latitude). As the Tot
Energy Detector (TED) onboard NOAA-12 only looks within th
0˚-25˚ pitch angle interval and we needed both detectors to es
lish the electron spectrum (from some eV up to ~1000 keV), o
calculated X rays only represent the X-ray production from th
most field aligned electrons. Any anisotropy giving increasin
electron fluxes towards larger pitch angles, but still within the lo
cone, would therefore result in an underestimate of the X-ray p
duction. This is exactly what we observed in the regions of anis
tropic electron fluxes as can be seen in Figure 5b, 5c and 5d
page 87 and Figure 7b, 7c and 7d on page 88. From the meas
ments by the SSJ/4 electrostatic analysers onboard the DMSP
ellites we only obtain information about the electron spectra <
keV and at pitch angles <15˚, well within the atmospheric lo
cone as the detector always points toward local zenith. Based
our findings from the NOAA-12 passes we therefore interpret
the regions of smaller calculated X-ray fluxes than directly mea
ured X-ray fluxes, to correspond to the region of anisotropic flux
of electron precipitation.
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As discussed in Section 2.3 and Section 5.1 the X-ray measure-
ments often suffer from poor statistics when spectral information
shall be extracted. To obtain sufficient count rates we therefore
binned the 63 energy channels of the low energy section of PIXIE
into 4 energy bands (channel 20:29, 30:39, 40:49 and 50:59) and
the high energy section of the detector into two energy bands
(channel 10:15, 16:21). Above channel 21 in the high energy sec-
tion of PIXIE the auroral X rays are contaminated by the fluores-
cence peak of Xenon and background noise and were therefore
not used [Technical Report]. To further improve the statistics we
have chosen areas of no less than 6˚ magnetic latitude and 1 hour
MLT sector to obtain the area averaged fluxes in the 6 energy
bands. In order to derive a double or single exponential electron
spectrum from the X-ray spectrum we proceeded as follows. By
minimizing the Chi-squares the single or double electron spec-
trum that may reproduce the observed X-ray spectrum was found.
When more than one electron spectrum passed the Chi-square test
we chose the derived electron spectrum that gave the smallest
electron energy flux, giving a lower limit of electron energy flux
deposited in the ionosphere based on X-ray measurements. To
quantify the correlation between derived and directly measured
electron spectra we calculated the energy flux from 3 to 100 keV
when comparing with NOAA-12 measurements and from 3 to 30
keV when comparing with DMSP measurements, due to the dif-
ferent energy ranges of the detectors. To be in better spatial agree-
ment with the derived electron spectra from the X-ray
measurements within the specified area we have used 80 s average
electron spectra for these integrations. The results are shown in
e.g., Figure 10 and Figure 11 on page 90, Paper 5.

The results regarding the directly measured energy flux and the
energy flux derived from the X-ray measurements were summa-
rized in Figure 12 on page 92, Paper 5, i.e., from 8 passes (5 from
the morning sector and 3 from the midnight sector) during the
substorm events of July 31 and September 4. Compared to the
energy flux derived from X rays, the energy fluxes from DMSP
measurements were found to be systematically underestimated.
The energy fluxes measured by NOAA-12 did not show that ten-
dency but were in very good agreement with the energy flux
derived from PIXIE. The discrepancies might be explained by the
lack of pitch angle information from the DMSP and thus we might
have included regions of anisotropic electron fluxes which will
give more X rays than can be produced by the electrons measured
by DMSP. A similar comparison of PIXIE data and DMSP elec-
tron measurements presented by Anderson et al. [1998] which
generally were found to correlate very well, does also show some
regions of discrepancies by a factor of ~3, which may be
explained by the presence of anisotropic electron fluxes. We con-
clude that the derived electron energy spectra from PIXIE seem to
give rather good estimates of the energy deposition into the iono-
sphere. However, when the energy fluxes are derived from elec-
tron measurements at small pitch angles, as is the case for the
DMSP measurements, they can easily be underestimated. To sum-
marize this part of Paper 5:

1. In order to calculate the X-ray production from electron
spectra we found that the sum of two exponentials may represent
the electron spectra fairly well both in the midnight and the morn-
ing sector. In the very high energy range of the electron measure-
ments a Kappa function would probably have made a better fit, but
the uncertainties introduced by using the exponentials are proba-
bly very small as the fluxes at these high energies are very low.

2. Through the region of localized maximum we found good
spatial and quantitative correlation between observed X rays and

the X-ray production estimated from the directly measured ele
tron distribution. In the region of isotropic electron fluxes the co
respondence was often close to the statistical errors of the X-
measurements and the discrepancies observed outside this re
were most probably due to anisotropic electron fluxes at pitch a
gles outside the detectors FOV but still within the atmosphe
loss cone.

3. By fitting the X-ray spectra by double or single exponentia
we have developed a method of deriving electron spectra and
energy deposition into the ionosphere which corresponds withi
factor of 2 to the directly measured energy fluxes. When the pit
angle distribution within the loss cone is not known, energy flux
derived from in-situ electron measurements can very well be u
derestimated. Thus the energy flux derived from the X rays prob
bly gives a better estimate of the energy flux deposited in t
ionosphere.

5.5. The localized morning maximum in the recovery phase

The global images from PIXIE and the time analysis of X-ra
features along the auroral zone were used to determine the lo
tion and temporal extension of the localized maximum of X-ra
emission in the morning sector. We therefore know that 3 of t
DMSP satellite passes in the southern hemisphere during th
events all occurred during the early stage or just before the mo
ing maximum appeared (see Plate 2 on page 91, Paper 5).

In Paper 2 we suggested that either (1) a wave-particle inter
tion or (2) scattering due to interaction with the magnetopau
might be the mechanism that causes the morning maximum of
ray emission. The spectrograms shown in Plate 2 on page
Paper 5 enable us to examine these hypothesis in more detail.
spectrograms are obtained from passes through the region
localized X-ray emission prior to and during the very beginning
this morning maximum. In all the three panels we can identify
broad peak in the energy range 2-10 keV at rather low latitud
(~64˚-68˚) which corresponds to the location of the observed
rays. The observation of this broad peak at ~2-10 keV in t
DMSP data during these two events excludes some of the p
posed mechanism for the morning maximum of X-ray emission

1. The morning maximum observed during these two eve
can not be explained by the scattering of electrons at the magn
pause, as the X-ray emission (as well as the broad peak in the e
tron spectrograms) is observed well below 70˚ CGM latitude a
consequently the field lines are probably well within the magne
pause.

2. The broadness of the peak indicates no monoenerge
beam, a signature which is usually related to arcs and inverted
events in the pre-midnight sector caused by parallel electric fie
and unlikely to be observed at the dawnside.

3. The broad peak is observed too early to be caused b
mechanism triggered by the drifting electrons from the injecte
particles in the substorm onset region near midnight. For the S
tember 4 event the broad peak is present both at passes prio
and after the onset of the localized morning maximum but vari
in intensity. This does not prevent the arrival of drifting electron
to increase the effect of the mechanism.

However, the broad peak may be consistently interpreted
caused by a wave-particle interaction which is more or less con
uously present in the morning region and that the strength of
process depends on the anisotropic fluxes of electrons. The sh
of the observed spectra in our study indicates that the wave-pa
cle interaction acts on electrons down to a few keV (see a
Figure 10 and Figure 11 on page 90, Paper 5). Then we arrive
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similar conclusion as Jelly and Brice [1967] did, as they suggested
that the anisotropy of unstably quasi-trapped electrons is largely
determined by the loss cone and hence the instability is deter-
mined solely on the flux level, i.e., if the flux exceeds the thresh-
old for the instability to work. This threshold is known as the
maximum stable limit for fluxes of trapped energetic electrons
proposed by Kennel and Petscek [1966]. However, Jentsch [1976]
has shown that an anisotropy is established without introducing
the loss cone and the conclusion may therefore be modified at this
point, as will be discussed below. When the electron cloud
injected at substorm onset enters this region the wave-particle
interaction increases and will go on as long as there are sufficient
fluxes of anisotropic trapped electrons. The September 4 event
occurred in the recovery phase of a magnetic storm and it is there-
fore likely that there existed sufficient trapped electron fluxes from
previous magnetic activity for the wave-particle interaction to
work. The July 31 event took place after a long quiet period and
the number of trapped electrons was probably lower. This may
explain why the broad peak is more pronounced in the September
4 event than the July 31 event.

For parallel propagating waves the Doppler-shifted electron
cyclotron wave-particle interaction involving VLF frequencies
will act upon electrons with energies >Ec || =

1/2 mv||
2, wherev|| is

the resonant parallel velocity component. The resonance condition
for parallel propagating waves, linear approximation is given by
(18) and, when all terms are used, by (19).

(18)

(19)

whereB is the magnetic field strength,n is the electron density,ω
is the wave frequency andΩ is the electron gyro frequency.ω is
usually found to be ~1/2Ω, which lower the parallel resonant
energy by a factor of 8 compared to the linear approximation often
used (18). Modelling of wave growth-rates based on Kennel and
Petscek [1966], which can account for the observed features have
been performed by Jentsch [1976] usingn=10 cm-3 and electron
energies >40keV. The electron energy was partly chosen to avoid
the effect of the convective electric field on the electron drift tra-
jectories and his results do not exclude lower electron energies to
be involved in the wave-particle interaction. He performed his cal-
culations of wave growth rates for 3 different magnetic field mod-
els and it should be noticed that the most realistic magnetic field
model, i.e., a model by Mead [1964] resulted in a maximum ani-
sotropy and a maximum wave growth around 5-9 MLT, while
introducing a convective electric field tended to shift the maxi-
mum anisotropy towards noon. As he used an isotropic electron
distribution to model the injected electrons and no loss mechanism
were introduced, the anisotropic electron fluxes solely resulted
from the different drift velocities for electrons at different pitch
angles in the magnetic and the electric field, i.e., no loss cone was
needed to obtain the anisotropic fluxes. In a survey study of ELF/
VLF waves at geosynchronous orbit Parrot and Gaye [1994]
reported that chorus of 400-700 Hz show a distinct peak between
6-9 MLT.

Simultaneous measurements of VLF waves and the angular
distribution of electron fluxes in the morning sector are scarce, but
a study by Isenberg et al. [1982] based on measurements from the
P78-2 (SCATHA) satellite reports some interesting results for the

purpose of this study. The satellite was in a quasi-geosynchron
orbit and equipped with a number of particle and wave expe
ments. Examining angular electron distribution in the ener
range from 12 to 81.5 keV and VLF frequencies from 0.4 to 3
kHz they found that the dawnside chorus between 5.3 <L<7.8
generated by substorm-injected, anisotropic fluxes of electro
with energies between 10 keV and 100 keV. Taking into accou
the pitch angle distribution of the electrons, the observed wav
can very well be interacting with electrons down to ~4-20 keV
the vicinity of the loss cone. It should also be noticed that wa
measurements >3kHz were not available and consequently t
have no measurements that could have been correlated with
anisotropic electron fluxes at even lower electron energies. In th
data, anisotropic fluxes are clearly seen down to 12.1 keV, wh
is the lowest channel they show. Depending on the pitch angle d
tribution this may well be consistent with waves acting on ele
trons down to a few keV in the vicinity of the loss cone. We ma
conclude that the study by Isenberg et al. [1982] partly supp
our interpretation of the broad peak in the electron distributio
observed by DMSP to be caused by the scattering due to wa
particle interaction. In Figure 19 we have plotted their data

Ec
B2

8πn
----------Ω

ω
----=

Ec
B2

8πn
----------Ω

ω
---- 1 ω

Ω
----– 

  3
= Figure 19. Measurements from Isenberg et al. [1982] plotted as

function of radial distance. In all panels the diamonds indicates
values identified by Isenberg et al. [1982] and the crosses are
values identified by us. (a) The lower energy level of electro
(Ec ||) that interact with VLF waves. Solid line shows the profile
calculated by Lyons and Williams [1984]. (b) Densities inferre
from (19). Solid line is the density profile used by Lyons an
Williams [1984] for the profile in (a). (c) The magnetic measure
ments onboard the SCATHA satellite. Solid line is the simple d
pole field strength.

a

b

c



N. ØSTGAARD: THE DYNAMICS OF ENERGETIC ELECTRON PRECIPITATION . . . MONOGRAPH 25

ism

as-
the
ut
es
ns
ht-
lo-
e
c-

the
y

X
o-
g
0 s,
ths.
me
s of
for-
me

ay

er
ch-

as
as

re
to-
y

zed
in
c-
ts
-
no-

to-

ra

e,
o-
re-

ft,

g

lec-
show how well they confirm the wave-particle interaction concept.
Figure 19a showsEc || as a function of radial distance, Figure 19b
shows the derived density using (19) and Figure 19c shows the
magnetic field strength. In Figures 19a and 19b the corresponding
profiles calculated by Lyons and Williams [1984] are shown by
solid lines and in Figure 19c the solid line shows the simple dipole
field strength. Lyons and Williams [1984] used the simple dipole
field strength and the density profile from Figure 19b to calculate
the profile in Figure 19a. The diamonds show the data listed in
Table 2 from Isenberg et al. [1982] and the crosses show the val-
ues we have determined ourselves from their plots showing simul-
taneously anisotropic fluxes in specific energies of electrons and
wave growth at specific frequencies.

From this part of Paper 5 we summarize:
1. The electron energy spectra observed prior to, at the initial

stage of, and after the localized morning maximum of X-ray
strongly indicates that the wave-particle interaction is the main
mechanism for the enhancements observed.

2. VLF-waves are probably excited more or less continuously
by quasi-trapped anisotropic fluxes of electrons from tens of keV
up to hundreds of keV and the wave growth are further raised by
the arrival of the injected anisotropic fluxes injected at midnight
drifted into the morning sector. As Jentsch [1976] has shown, the
anisotropy of unstably quasi-trapped electrons will result from the
different drift velocities of electrons at different pitch angles and
is significantly affected by the magnetic field configuration and
the presence of any increased electric field. The loss cone will lead
to an even stronger anisotropy. The instability and the strength of
wave-particle interaction is therefore determined mainly by the
flux level. If the fluxes of electrons exceed the maximum stable
limit for fluxes of trapped energetic electrons energy are trans-
ferred from the electrons to the waves and the wave growth will
act back on the electrons and effectively scatter them into the loss
cone [Kennel and Petscek, 1966; Jelly and Brice, 1967]. As long
as there is sufficient fluxes of trapped anisotropic electrons the
process will go on and thus can account for the prolonged maxi-
mum observed.

3. Previous simultaneous measurements of anisotropic elec-
tron fluxes and VLF waves give some support for the presence of
VLF waves which are able to act upon electrons of energies down
to just a few keV.

6. Conclusion and further study
In this thesis we have utilized the remote sensing technique of

X rays to examine the development of the energetic electron pre-
cipitation during substorms. The main conclusions to be drawn are
as follows:

1. The development of substorms does not reveal the same
characteristics when examining different electron energies.

2. By measuring at several wavelengths it is possible to exam-
ine how different electron energies behave differently during sub-
storm events. Different energies may not have the same onset
times or the same source location in the magnetosphere.

3. A common feature seen in the energetic precipitation de-
layed relative to the substorm onset is a prolonged maximum of
precipitation in the morning sector at 5-9 MLT. This is not a com-
mon feature when measuring at other wavelengths.

4. The morning maximum of energetic precipitation is most
probably caused by the unstable fluxes of quasi-trapped electrons
drifting into the morning sector, which exceeds the limit of stabili-
ty when fresh electrons are injected during the early expansion

phase of the substorm. Wave-particle interaction is the mechan
that may explain the precipitation.

5. In contrast to the electron energy derivation based on me
urements at other wavelengths X-ray measurements provide
possibility to derive multi-parameter energy characteristics abo
the electron precipitation. While other remote sensing techniqu
are contaminated by sunlight or sunlight generated emissio
(dayglow) the X rays can be detected both at daytime and nig
time. Thus X rays are found to be favourable in estimating the g
bal energy input into the ionosphere. Compared to th
uncertainties regarding energy input estimated from in-situ ele
tron measurements when the angular distribution is not known
derivation of the energy input from X rays will reflect the energ
input at all pitch angles.

6. The main problem with the remote sensing technique of
rays is the poor counting statistics which forces either the temp
ral or the spatial resolution to suffer. However, by integratin
properly defined areas the time resolution can be as good as 3
which is comparable with the measurements at other waveleng

The analysis of the PIXIE data set has so far resulted in so
published paper but the data set covering more than three year
continuously measurements has a large potential to reveal in
mation about the dynamics during storms and substorm. So
obvious issues to address are:

1. To calculate the global energy input based on the X-r
measurements of the entire auroral oval.

2. Comparison studies with energy input derived from oth
wavelengths can be used to evaluate the available inversion te
niques on a global scale.

3. Comparison study with cosmic radio absorption, which h
the electron density profiles (derived from electron spectra)
input.

4. The total amount of energy deposited into the ionosphe
can be correlated with the energy transferred into the magne
sphere (theε parameter) to examine the portion of the total energ
that enters the ionosphere.

The results presented in this thesis have hopefully emphasi
that the remote sensing of X rays is a very strong tool to obta
information about the energy transfer through precipitating ele
trons into the ionosphere. By performing new X-ray experimen
utilizing new technology to improve the spatial resolution of X
ray imaging even better estimates of energy transfer into the io
sphere could be made.
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