The dynamics of energetic electron precipitation during substorms MONOGRAPH

Utilization of the remote sensing technique of X rays

N. Ostgaard

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

1. Introduction elliptical orbit (1.8 x 9Rc) the PIXIE camera provides global
. _ . . images of the X-ray aurora for about 12 hours during an apogee
This thesis is devoted to the study of energetic electron precipl- ss and for about 40 minutes during a perigee pass. As PIXIE is a

tation during substorms utilizing the remote sensing technique $ﬁe two-dimensional X-ray imager, this instrument provides the

Xrays. A main goal of this thesis has been to evaluate the Prop&fe; possibility ever to study the global dynamics of energetic
ness of the X-ray measurements and to develop tools to extrae

%ctron recipitation during substorms and storms. Hence
spectral information about the energetic electron precipitation th precip 9 '

has generated the X rays. With the use of these tools spatial %}aother main goal of this thesis has been to utilize this possibility

. : - 0 obtain new insight about the global characteristics of the ener-
temporal information about the X-ray features can provide new .. S
etic precipitation.

insight about the dynamics of the energetic electron precipitatioﬁ. The thesis consists of 3 published papers and 2 submitted
While other remote sensing techniques like ultraviolet and visibl apers, which present the scientific results from the two experi-

imaging lser;se em;sissokns{/th?rtl a;? domlnantly produczdt by II ments (1 from Pulsaur Il and 4 from PIXIE, plus a technical report
energy electrons ( D Ke ) the X-ray Imagers respond 1o €legs, 1o image processing method developed for the PIXIE meas-
tr(_)ns of hlgher energies. Th? two X-ray experiments described Inrements). In Section 2 we describe the different global remote
this thesis measured X rays in the energyrange from 5.6 keV up %nsing techniques used in the space science over the last two dec-
100 keV (Pulsaur IlI, rocket experiment [Stadsnes et al., 1995

. des and discuss their benefits and disadvantages. In Section 3 we
and from ~3 keV up to ~60 keV (The Polar lonospheric X-ray__ . . . o . .
Imaging Experiment, PIXIE [Imhof et al., 1995]). As this is X-ray review some earlier studies describing the behaviour of energetic

L . electron precipitation in order to put our results in a scientific his-
_bremsstra_lhlung produced by the precipitating energetic eleCtrOPcﬁical context. In Section 4 the main results from the Pulsaur Il
';;gvtehg e‘:okne(i'/sgzzrg ktz\e/ :\évso e'r;figglmegrtjmr?sgﬁgagr:(lje;trr(;réZ(periment are discussed, while Section 5 is devoted to PIXIE, the
o . €V, Tespectively. Ymage processing and the scientific results obtained from this
it is possible to derive a multi-parameter electron spectrum

. . . experiment so far. In Section 6 we conclude and suggest some
directly from the X-ray spectrum, as the production of X rays i$ \ture studies based on the PIXIE data
quite well understood theoretically. Even though the probability 01JJ '
generating an X-ray photon from an electron slowing down in the
atmosphere increases as a function of the initial electron energy?a Global remote sensing techniques in substorm
200 keV electron only deposits 0.5% of its energy as X raystydies
[Berger and Seltzer, 1972]. Thus the X-ray measurements very ) ) .
often suffer from poor statistics. Nevertheless these measurements/V1€n using the term global remote sensing techniques we do
provide the opportunity to study the energetic electron precipitdl©t include the different kind of remote sensing provided by

tion, even in the sunlit area. The Pulsaur Il experiment was ground-based equipment like magnetometers, riometers detecting

rocket experiment flown during the recovery phase of a substorfSMic radio noise absorption or radar, because they do not pro-

at ~0130 MLT to study the pulsating aurora during a 9 min flight."ide any global information unless a lot of stations are used simul-

Based on the simultaneous measurements of X rays and electrdfiieously. We restrict ourselves to the remote sensing techniques

with relatively good spatial and temporal resolution, this experiS€d in space by imaging instruments flown on spacecrafts in

ment enabled us to study the correspondence between the elecfPsier t0 study the global features of substorm dynamics, i.e., satel-
precipitation and the generation of X rays in detail. The PIXIElltes orbiting the Earth at a few hundred km of altitude up to many

instrument is flown on the Polar satellite, and due to its highly-a"th radii. From the first global imaging instrument was flown in
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1973 on board the ISIS-2 satellite [Anger et al., 1973] a lot of mismagnetospheric processes that determines acceleration, convec-
sions equipped with instruments measuring at different waveion, scattering and precipitation of these particles in the magneto-
lengths have been flown in space. Summaries of some importasghere. As the various emissions respond to particles in different
parameters of the visible, UV and X-ray imagers flown in spacenergy ranges these imaging techniques provide information on
are listed in Tables 1 and 2. The tables show the development lodw the various particle energies behave differently in the magnet-
imagers towards better temporal and spatial resolution as well asphere. Detecting specific wavelengths of auroral emissions
that the area covered by the imagers has increased. All emissiangolves certain techniques and methods for interpreting the meas-
detected by these imaging instruments are caused by the particlements, which all have their benefits and disadvantages. In this
precipitation into the ionosphere along field lines which can beection we will describe and discuss the properties of some of the
traced into the equatorial plane of the magnetosphere. Thus, framroral emissions in the visible, the UV and the X-ray wave-
the dynamics of the features of emission at different wavelengthengths, and their benefits and disadvantages in order to extract
in the ionosphere it is possible to extract information about thaaformation 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/ Angular Spacecraft Wavelength Image Noise Reference
Satellite resolution degrees altitude A frame rate equivalent signél
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 0.3 650-4000 km 1200-1400 128 s - Kaneda et al. 1977
(EXOS-A)
DE 0.29 1-4R 1216-6300 12 min 1KR Frank et al., 1981
several filters
HILAT 1.7 830 km 1100 -1900 100 min 25-60 R Meng and
scanning Huffman, 1984
Polar BEAR - 1000 km - - - Meng et al., 1987
Viking 0.08 15 000 km 1235-1600 20s - Anger et al., 1987
1340-1800
Acebono 0.1 300-10 000 km 1150-1600 8-16 s 300 R at 1216 Oguti et al., 1990
(EXOS-D) 5577 50 R at 5577
FREJA 0.08 600-1700 km 1340-1800 6s 700 R -
2 filters:
Interball-2 - ~0.2-32R 1250-1600 60 s - Optical design:
UVAI Anger et al., 1987
uVvi 0.03 1-8R 1300-1900 37s 10R Torr etal., 1995
4 filters
VIS 0.01-0.02 1-8R 3914, 5577, 6300 12s 130R-1kR Frank et al., 1995
6563, 7320

a2Threshold 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 Internet)

Imager/ lonospheric area detected Spacial resolutionSpacecraft Energy range Time Reference

Satellite at 100 km altitude  altitude keV resolution

1972-076B Collimated detectorona - ~750 km > 50 100 min Imhof et al., 1974
spinning satellite (one look
direction)

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

P 78-1 Array of 8 detectors, to each130-330 km 600 km >21 100 min Imhof et al., 1980
side of the spinning satellite

SEEP/XRIS S81-1 One dimensional pinhole 30 km 170-270 km 4-40 100 min Calvert et al., 1985

camera, oriented cross track
500 km wide area.

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

UARS PEM/AXIS Array of 16 detectors, ori- <100 km 585 km 3-100 100 min Chenette et al., 1992
ented cross track

PIXIE Two dimensional pinhole 1000 km (apogee) 1-8 Re 2-60 <5 min (apogee)imhof et al., 1995
camera, global images 150 km (perigee) <2min (perigee)
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2.1. Visible emissions

The visible aurora was originally studied from ground just as i
broad band emission covering the entire visible spectrum. By tt
developing of filters and photo-multiplicators one was able 2
study the narrow band emissions which correspond to speci1°6
excitation levels of atomic and molecular states. The interpretati(u: (= T
of the luminosity of these emission lines is then depending on o>

1 N ’
1
knowledge about the processes that leads to the excitation and ‘g AT ]
subsequently de-excitation and photon emission. Quenching as 4= - r l

A Rees and Luckey
8 (1974)

oy

absorption must be understood and properly taken into accoue 1 \
Both the energy of the incoming electron, the height profile of dif ™ T rL 1
ferent species in the atmosphere, chemical interactions at differe ( | L l- L n L‘
altitudes are crucial for the interpretation of the measurements -
P | 5 2 253 4 5 678910

different wavelengths. In Table 3 we have listed some of the emi
sion lines in the visible spectrum which have been widely used fc
the auroral science, both from ground and in space.

i
7
Characteristic Energy (keV)

Figure 1. The ratio of 5577 A to 4278 A emissions as a function of
Maxwellian characteristic energy deduced by Steele and

Table 3.Four of the most common visible emission lines usendEwen [1990] (circles) compared with results of Rees and
to detect auroral patterns and dynamics (From Omholt [1971])_.uckey [1974] (triangles).

Wavelength _ Excitation energy  Lifetime

A Species  (eV) ) sions deduced by Steele and McEwen [1990] and Rees and

3914 N 19 prompt Luckey [1974] as presented by Robinson and Vondrak [1994]
(their Figure 11). In a multi spectral study based on the visible

4278 N 19 prompt imager (VIS) [Frank et al., 1995], the ultraviolet imager (UVI)

5577 Oand@ 4and9 0.7 [Torr etal., 1995] and PIXIE on board Polar, Cummer

et al. [1999] have used the 3914 emission line to extract the total
6300 o 1.96 110 energy flux and the ratio of 3914/6300 emissions to derive the
mean energy. They found the total precipitating electron energy

As can be seen from this table the excitation energies for tHf&ix and mean energy electron energy calculated from VIS, UVI
most common visible emission lines are all below some tens @nd PIXIE to be in good (within 20%) agreement in most regions.
eV, which means that these emissions are produced by both pfis the spectrum of the incoming electrons falls rapidly off with
mary and secondary electrons. Thus the auroral emission at thésereasing energies, the contribution to the luminosity from elec-
lines is basically an integral response to the precipitation of eletrons >10 keV is very small and the effects on the ratios becomes
trons at all energies above the excitation energy, and not veeyen smaller. The visible emissions provide only two parameters
strongly dependent on the electron energy spectrum. This is trt@describe the electron precipitation, namely the total energy flux
for the prompt emissions, but not for emissions from the so-callegind the mean energy and the latter will mainly be determined by
metastable states, involving a time constant (e.g., the 5577 atlte shape of the spectrum <10 keV. Any information about the
6300 emissions in Table 3) and the possibility of non-radiativelectron spectrum >10 keV can hardly be extracted from imaging
guenching of the excitation when the excitation occurs deep in thibe aurora at the visible wavelengths.
atmosphere [Stadsnes etal., 1997]. Eather and Mende [1971]Due to the large albedo of sunlight at these wavelengths the
showed that the ratio of 4278/6300 emissions could be used visible imaging can only be provided during night time or winter-
estimate the mean energy of the precipitating electrons. While ttiene when the hemisphere is dark all day. Atmospheric back-
prompt N* emission line at 4278 A is produced by all electronground may also cause some problem.
energies and therefore is proportional to the total energy flux, the
O emission line at 6300 A is strongly quenched through collisiond.2. Ultraviolet emissions
below 200 km due to the long lifetime and only the electrons that e ytraviolet range of wavelengths contains two distinct oxy-
are interacting above 200 km produces the 6300 emission lin§any emission lines (1304 A and 1356 A) and a lot of emission
Thus the luminosity of the 6300 emission line will be determinecgnes created dominantly by the electron impact onWhich are
by th_e s_oft part of the electron energy spectrum and for a giveghown as the Lyman-Birge-Hopfield (LBH) band. Figure 2 is a
total incident energy flux the luminosity depends strongly on thg, o of the filter band pass for the UVI onboard the Polar satellite,
mean energy of the precipitating electrons. With the knowledge & q\ing both the two oxygen emission lines and the LBH band.
height profile of O, relevant cross sections, loss processes for S@gye 16 the improved filtering techniques used for the UVI instru-
ondaries Rees and Luckey [1974] modelled the ratio of 4278/63qgent, the LBH band was separated into two broad UV emission
e!‘niss_ions for Maxwellian electron distributions with mean eNerpands, LBH-long (LBHL: 1600-1800 A) and LBH-short (LBHS:
gies in the energy range from 0.6 keV to 20 keV. Comparing 4001600 A). As the O line at 1304 undergoes multiple scatter-
measured ratios of 4278/6300 with the modelled ratios, the meqfy it has limited use for auroral imaging, but does have a potential
energy can be estimated. Models and measurements of the ratigSy, ingicator of the O concentration. The Lyman-Birge-Hopfield
4278/5577, 3914/5577 and 3914/6300 emissions can also be usg ihe 0 1356 emission line also undergo multiple scattering but

to estimate the mean energy of the incoming electrons. As gfg efficiency is relatively small [Strickland and Anderson, 1983]
example Figure 1 shows the modelled ratio of 5577/4278 emis-
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and thus these wavelengths can be used for auroral imaging. As

the Lyman-Birge-Hopfield band is dominated by the emission-

created by the electron impact o, Ml electron energies contrib- LI Filr Barichpaiens
ute in this process of prompt emissions. The luminosity of thi
LBH band is therefore proportional to the total electron energ
flux. But as can be seen from Figure 2 the two bands, LBHL an e
LBHS and the O 1356 emission will be differently affected by the 0.

absorption by atmospheric oxygen. For the LBHL emission thi !
absorption is very small and the intensity reflects approximatel
the total energy influx of electron precipitation [Germany
etal., 1990; Germany et al., 1997]. As the lower electron energie
usually dominate, the LBHL emissions provides the global fea i .
tures of the softer part of the electron distribution. On the othe

hand the LBHS band and O 1356 emission are strongly affecte

by the absorption by atmospheric oxygen. The attenuation of tt {
radiation in the LBHS band and the O 1356 emissions increases

the incoming electrons deposit their energy deeper down in tt F ol 4
atmosphere, i.e., with increasing electron energies. Thus the ra

of LBHL/LBHS (or LBHL/O 1356) can be used to extract spectral

information about the electron precipitation. Modelling offigure 2. The filter bandpass for the UVI on board the Polar satel-
expected emissions can be used to estimate the energy flux frgig8. The four narrow band UV filters are shown in blue and the red
LBHL intensity and the average energy from the ratio of either Qine shows the absorption by,OGreen vertical show the discrete

1356/LBHL or LBHS/LBHL [Germany et al., 1990]. In Figure 3 emission lines (M. Brittnacher private communication, 1998).
the ratio of LBHL/LBHS is shown as a function of average elec-

tron energiesi,,) from 1-9 keV as modelled by G. Germany (pri-

vate communication, 1999). Gaussian electron spectra of 1 erg

cm? peaked a€E,, with a full width half maximum (FWHM) of 1.4

0.5 [In2]'2 E,, has been used to model the incident electron pre-

cipitation. As the electron energy flux usually falls off >10 kev 4 1.2 B

the ratio of LBHL/LBHS (and LBHL/O 1356) becomes uncertain @

in the energy range >10 keV. >~ 1.0F e
In the ideal case, the energy analysis would be performed with %

two LBH bands, one at the wavelength of peak absorption and the2 g g |- B

other at a longer wavelength wherg @bsorption is negligible. o

The longer wavelength emission would be essentially independent’g 0.6

of average energy and solely dependent on energy flux. In prac-

tice, the LBH filters must necessarily include multiple emissions 0.4

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. Flgfgure 3. The ratio of LBHL/LBHS as a function of the average

images from UVI on board Polar a look-up table, where this effec nergy of the incoming electrons [G. Germany private communi-
is included, has been used to provide maps of energy parametgﬁion 1999]

[Germany et al., 1997].

The lower threshold energy for detecting LBH emissions (both
long and short) is determined by the altitude profile of the/8f- 1, jonization, excitation, heating of the neutral gas and X-ray
sus O density. At high alyt_udes the density of O excee_ds _the deremsstrathng. X rays are produced by high energy primary elec-
sity of N, and the competition between the O and theeMissions ,ng \while the other energy depositions involve both primary and
determines the intensity of LBH emissions. Given an energy ﬂu§econdary electrons over a wide energy range. The number of X-
of 1 ergs cnt the threshold for UVI is about 1 keV and for larger ray photons If) that are generated by an electron with an initial
energy fluxes the threshold may be lowered down to ~100 eV (Gnergy E,) slowing down in the atmosphere, is rather small. For
Germar_ly prlvate_ communication, 1_998). The upper thfeShO'&amme,n(EE:zoo keV) = 0.0052 and(E.=20 keV) = 0.000057
energy is determined by the decreasing electron flux >10 keV apgeqer and Seltzer, 1972]. Nevertheless, X-ray measurements are
the absorption by (at low altitudes. _ _.very useful in the study of the electron precipitation and informa-

Even though the albedo of UV emissions (<1700 A) is negligition about the spectra, as well as spatial and temporal structures in
ble, there is a significant contamination from sunlight generategle ejectron precipitation, can be obtained. Another advantage is
UV emissions (dayglow). Thus the UV imaging is most SUCCeSS4t X rays can be detected in daylight. For these reasons the X-
fully provided during night time [G. Germany private communica-ay measurements are favourable in the study of energetic electron
tion, 1999]. precipitation. A major problem with the global scale X-ray imag-

ing, e.g., the PIXIE camera, is the statistics. In order to obtain suf-

2.3. Xrays ficient counts either the spatial or the temporal resolution have to

Precipitating electrons deposit their energy into the atmospheseaffer. However, by using properly defined integration area the

Lgrrurhe-iy - ahus Pl Bain -

/L

0 2 4 6 8 10
Average Energy (keV)
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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 a
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 3k

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; zL
Berger and Seltzer, 1972; Seltzer and Berger, 1974; Luhmann and
Blake, 1977; Walt etal., 1979; Khosa etal., 1984; Robinson
etal., 1989; Gorney, 1987; Lorence, 1992]. Experiments have
been performed to make simultaneous measurements of electrons
and X rays [e.g. Vij etal., 1975; Mizera etal., 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 \»F
measurements but also on the method used for the inversion pro- 0 5 ,',, 'G é 1o 12
cedure when the electron energy spectral information is derived. M

For the Pulsaur Il experiment we have used a method developed

from the results found by Seltzer and Berger [1974] and Walftigure 4. Typical energy spectrum for X rays, resulting from a mo-
etal. [1979] to derive electron spectra from the X rays, and thBoenergetic electron beam hitting a target [Leighton, 1959)].
results from Maehlum and Stadsnes [1967] to convert the highl o ] ) ) o
anisotropic electron fluxes into comparable equivalent isotrop%‘ble 4.Emission lines given in keV for the main species in the
electron fluxes. By using this method we obtained agreement waimosphere [Storm and Israel, 1967].

within the statistical errors of the measurements [Jstgaare

etal., 1998, hereafter called Paper 1]. For the PIXIE experimengpecies (Z) ~ K-k=a, K-Ly=ay  K-My; =Bz K-My =B

we have used a look-up table provided by a coupled electron phq\-litrogen 7 0393 0.393

ton transport code originally developed to model the neutral parti-

cle transport [Lorence, 1992]. The coupled electron photorOxygen (8)  0.524 0.524

transport code was developed by Lockheed-Martin Advance
Technology Center and they have provided the look-up table um%rgon (18) 2.956 2.958 3.191 3.191

't?] olur T(tUd'etS'b;rh'S Io%k-gpbtattr):e W”clj h(areaflter bde freferiﬁd tto 3ititudes, which is not correct. Motivated by the energy analysis of
€ look-up table provided Dy the code developed from e Wang .y e yata 4 rerun of the codes using a more realistic Ar height

port code by Lorence [1992]. Using this method we have Obt"’mzﬁirofile and including the energy degradation of electrons, resulted

agreeme_nt within a factor of ~2 comparing electron energy flux :; ratios of 4-8% for the PIXIE measurements (J. Luhmann private
gr;dep;rgflles of X rays [dstgaard etal,, 1999b, hereafter calle ommunication, 1998). We therefore consider the atmospheric Ar
'FI)'o de].scribe the production of X rays from the electrons entelli-ne emission to be negligible relative o the X-ray bremsstrahl-

P y l%pg. As Ar is often used as stopping gas in proportional counters,

ing the atmosphere we will shortly describe the two models usee.g., PIXIE, the Ar lines still have to be considered (see @stgaard

in our studies and a simplified method for calculating X-ray PrO%t al. [19994a], hereafter called Technical Report). Disregarding the

duction analytically. In Figure 4 we have shown a typical X-ray“ne emissions of X rays for the moment, the continuous X-ray

spe_ctr_um r_esultlng from an electron beam hitting "’!target- Both ths ectrum which is called X-ray bremsstrahlung (or white X rays)
emission lines depending on the atomic properties of the targ

and the continuous bremsstrahlung emissions are clearly se§n.n be represented by (1) [Kulenkampff, 1922]

The atmospheric line emissions which are relevant for the incom- dE
ing energetic electrons are listed in Table 4, but as we do not dfx = C[Z(v,,—V) +0, 002&2] 1)
detect X rays below ~3 keV only the line emission from Ar must v

be taken properly into account when energy analysis is t0 RgheredE,/dv is the number flux of X rays within the frequency
made. Even though the Ar contents of the atmosphere is very Igwerval, dv, v,, is the frequency of the incoming electroBn)
(0.93% in volume or 1.28% in weight, up to 90 km) the contribuand determines the upper frequency of X rays that can be pro-
tion from this line has been thought to produce a peak in the meagqgced,z is the atomic number of the atmosphere @i a con-

ured bremsstrahlung spectrum. Luhmann and Blake [197%ant. This is known as the thick target semi-empirical approach
calculated the intensity ratio of the &-line emission to the \hich is qualitatively illustrated in Figure 5. When the production
bremsstrahlung in a 100 eV band, and found it to be 200-250%¢ X rays is determined, the propagation of X rays must be han-
which corresponds to 20-25% in a 1 keV band that is the energyed correctly, which includes the effect of photo-absorption,
resolution of the PIXIE measurements. However, they neglectgthergy reduction and scattering (Compton and Thomson scatter-
the energy degradation of electrons and assumed the Ar content gy

the atmosphere to be a constant fraction of thecohtent at all In a realistic model of X-ray production the scattering of elec-
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spectrum according to the analytic formula from | 1357 — 190 E
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trons, i.e., backscattering, Coulomb scattering and ‘knock-on’ r 0:8-< 166 :
scattering must also be included. Both the model by Berger and
Seltzer [1972] and the code developed from the transport code by e

Lorence [1992] have included the processes mentioned above. 0 10 20 30 4
(Berger and Seltzer [1972] has not included the elastic scattering E [kev]

of Xrays, i.e., the Thomson scattering, as their model only dealsgyre 6. X-ray spectra calculated by the code developed from the
with X rays >10 keV). They both have assumed an isotropic flugansport code by Lorence [1992]. Here are shown the X rays emit-
of electrons entering at the top of the atmosphere, but while thgq 4t g different nadir angular intervals (i.e., the upward hemi-
Monte Carlo model developed by Berger and Seltzer [1972] anghhere) from an electron exponential spectrum with an e-folding
Seltzer and Berger [1974] only has estimated the isotropic flux nergy of 100 keV. The X-ray spectra are normalized to an integral
X rays in the upward hemisphere, the code developed from thg,x of one electron. Both the angular distribution of X-ray emis-

transport code by Lorence [1992] also provides the angular distdjons and the effect of escaping at slant angles from a plane atmos-
bution of X rays in 10° intervals. This difference of precision iSphere are taken into account.

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 byrange.

Elwert [1939], the latter has used the same cross section but a COr-As the X_ray spectra from exponentia| electron spectra are

rection factor developed by Elwert and Haug [1969]. By using thifound to have an approximately exponential shape, Robinson
updated correction factor the angular distribution of X rays can bgt al. [1989] have developed a simplified method to calculate a
handled more properly (for more details, see Tseng et al. [1979hvo parameter characteristic of the electron energy spectrum from
In order to minimize this shortcoming of the Berger andthe X-ray spectrum. This is a rather rough assumption as the X-ray
Seltzer [1972] code in our Pulsaur Il study, we used the resultpectrum most often must be fitted by different e-folding energies
from another model developed by Walt et al. [1979] that gives U the low- and high-energy range of X rays (see Figure 6).

estimates of the angular X-ray distribution. Both the models [i.e Assuming isotropic electron fluxes and single exponential electron
Berger and Seltzer, 1972; Lorence, 1992] provide look-up tableshergy spectra they obtained quasi-analytic expressions for how

of X-ray production from electrons having an exponential energihe characteristic energies of the electrons and X rays are coupled
spectrum (the code developed from Lorence [1992] also providgs).

look-up tables of X rays from Maxwellian electron spectra). In

Figure 6 the X-ray spectra generated by an electron exponential E_ = 18Eqe 5
spectrum with an e-folding energy of 100 keV is shown for 8 dif- 0X = 18+ Eoe @
ferent emitting angular intervals. Given these look-up tables it is

possible to derive both single exponential and double exponenti@hen the electron energy flu@ was found to be coupled to the
electron spectra from the X-ray measurements. Figure 6 illustrat&sray flux, F(K) and a efficiency functiorg,(K) given by (3),
that the energy range of X rays has to be considered when thewheng,(K) is expressed as (4.is the X-ray energy.

folding energy of the X-ray spectrum is determined. In our algo-

rithms we have identified two e-folding energies for every spec- F(K) = gl(K)QEe(_K)/E"E
trum, one for the high energy range and one for the low energy

©)
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the low-energy and the high-energy range of electrons, which
none of the other remote sensing techniques are able to provide.

By using the results from Walt et al. [1979] they also found an2
expression for the angular distribution of the X rays related to the’
X-ray flux at 180° given by (5), restricted t,< 20 keV and Our Table 5 is a copy of Table 3 from the paper of Robinson

gy(K) = 1.96x 10°K™*° o)

4. Summary on remote sensing techniques

06>100°. and Vondrak [1994], which has a more detailed discussion of the
imaging techniques than presented here, and we let this table sum-

(K, E, 8) = ®(K, E, 8= 180°) x 0-—2 _15 (5) marize the discu_ssion of the dif_ferent remote _sensi_ng techniques.

LtosH However, regarding the evaluation of the UV imaging technique

. . the authors seem to have been too optimistic about the ability to
These expressions may be regarded as rough estimates of fj¢-in images both at daytime and nighttime. Even though the

X-ray spectra from electrons (or vice versa) and it should bgeqq of UV emissions (<1700 A) is negligible there is a signifi-
emphasized that neither the X-ray spectrum nor the electron specyt contamination from sunlight generated UV emissions (day-
trum can always be properly represented by single exponential§i )G Germany private communication, 1999]. Thus the UV
From both previous studies and the papers in this thesis we knqi{qing is most successfully provided during night time. We may
that the X-ray speptra can be well represented by either single §{. efore conclude that X-ray imaging is the only imaging tech-
double exponentials [Barcus and Rosenberg, 1966; Goldbegg, e that can be successfully utilized even in the sunlit part of the
etal.,, 1982; Paper 1; Paper 5]. A double exponential is defined By, osphere. Furthermore, as X-ray measurements enable us to

) . E/E, . -E/Ey, extract multi-parameter information about the parent electron
I(E) = jps€ + o2 (6)  spectrum this technique is favourable in estimating the total

) ) energy input into the ionosphere during substorms and storms.
wherejo, andjo, are the flux at zero energy ag, andE, are the g yever, when studying fine structures of auroral features both
two e-folding values. In [Paper 1, Paper 5] we also found that thge isible and the UV imaging techniques are more suitable. Due
glectron spectr{:\ can be repr_esented by single or double exponghiihe small amount of X-ray photons produced, X rays must be
tials, but sometimes Maxwellian or a Kappa function would probjysegrated over relatively wide areas to achieve good statistics.
ably be more suitable [e.g., Sharber et al., 1998]. Thus the combined use of the different imaging techniques would

For the inversion techniques based on X-ray measurements Wg,yide the ultimate tools to study both fine structures and energy
may conclude that it is possible to obtain a 4-parameter CharaCt‘Ef"e'position into the atmosphere.

istic of the electron precipitation, giving information about both

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
3. Previous studies of energetic electron etal., 1992]. In this section we will briefly report some of the
precipitation results from these previous studies which are relevant for the dis-

cussion of our findings from PIXIE data. We will focus on studies

Due to the lack of global imaging instruments of the energetig,; haye revealed information about the global features of ener-

electron precipitation in the past (see Table 2), our knowledge %fetic precipitation either statistically [e.g., Hartz and Brice, 1967,

this part of the substorm has been based on measurements of Ga&njarmid et al., 1975] or by studying isolated substorms [e.g.,
mic  radio [noise absorption by riometer [e.9., Harz andeney etal, 1974, Sletten etal., 1971]. We will also present
Brice, 1967; Jelly and Brice, 1967; Berkey etal., 1974], X-raysome stydies on the dynamics in the source region of the auroral

measurements f_ror_n balloon campaigns [e.9., Barcus arﬁ%rticle precipitation, i.e., the injection of electrons during the
Rosenberg, 1966; Bjordal etal., 1971; K_anggs etal., 1975], par arly expansion phase of the substorm [Reeves et al., 1991, Birn
cle measurements in space [e.g., McDiarmid et al., 1975; Harcg{ al., 1998].

et al., 1985; Codrescu et al., 1997] and X-ray measurements from
low-altitude satellites [e.g., Imhof etal., 1980; Chenette
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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 th¢
the incoming cosmic radio noise intensity)(will be attenuated
when entering the ionosphere as a function of depth, because tt
absorption coefficientk is altitude dependent. The intensity of
cosmic radio noisd) at a given altitude is then given by

hy

—J’K(h)dh

I =1ge " @)

a
a
a
a
a

Due to the Appleton-Hartree equatienis given by

k(h) = CO Ne(Mve(® 5 (8)

Ve(h) + (@ Qg(h)

whereC is a constanti\ is the electron density is the collision
frequency between electrons and neutral particlesis the elec-
tron gyro frequency and is the frequency of the actual cosmic

radio noise. When measuring cosmic radio noise at 30 MHz, both . . . .
veandQ. are negligible comparing t@ andk becomes approxi- Figure 7. An idealized representation of the two main zones of au-

mately proportional to the product bE andv. As ve rapidly falls roral pgrticle_precipita_tion th_e_no_rthern hemispherez where the av-
off due to the rapid decrease of the density of the neutral atmo€§rage intensity of the influx is indicated very approximately by the

phere, the absorption of cosmic radio noise is usually not very sig€nsity of symbols on a geomagnetic grid. Triangles show the soft
nificant above ~100 km. i.e.. at the altitude of maximum 10 I(e\ﬁelectron precipitation and the dots show the energetic electron pre-

electron energy deposition [e.g., Rees, 1963]. This implies thg{pitation. (Same as Figure 19 from Hartz and Brice [1967]).

most of the absorption occurs at altitudes (<100 km) were eIe%;I .
. . . ey used large averaged data sets, the various features could not
trons in the energy range from 10 to 100 keV deposit their enerqye iynterpreteg i the cgntext any substorm evolvement

Berk l,1974]. H for | | fl ith . o
[Berkey etal., 1974]. However, for large electron fluxes with & Jelly and Brice [1967] utilized the electron measurements (>40

very soft spectrum even electrons down to 5 keV will contribut ; ) i
significantly to the total absorption [Barcus, 1965]. Keeping thi%eV) from the Alouette 1 satellite crossing through the dawn-noon

in mind, we conclude that the riometer data provides informatioft 2 O™ combined with magnetometer data close fo the substorm

mainly about the energetic particle precipitation. onset region at midnight and cosmic radio noise absorption data

Cosmic radio noise absorption correlated with other measurtfar-Orn stations in the morning sector to examine how the dawn to

- noon maximum of energetic precipitation was related to the sub-
ments have been used to construct characteristic average features L N .
. . . storm onset at midnight. They found a clear indication that night-
of precipitation and to study the dynamics of the energetic ele¢- . ) L
. . : ime substorms and morning diffuse precipitation are strongly
tron precipitation during substorms. By using the results from sev-

eral years surveys of all-sky data, 5577 A emission featureglssouated and that the probability of the latter to occur, delayed to

riometer data, ionosonde data, X-ray measurements from baIIoo%%bStorm onset, increased provided it followed a moderately dis-

and in-situ particle measurements Hartz and Brice [1967] Cort]yrbed period even if the substorm onset itself was weak or moder-

structed diagrammatically the average precipitation features of taée' They related this to the concept of a maximum stable limit for

. . - . uxes of trapped energetic electrons suggested by Kennel and
soft (triangles) and the energetic (sohd_ QOts_) electrons (Figure etscek [1966] and found that the time delay between onset in
They found that the soft electron precipitation was related to the

auroral oval while the energetic electron precipitation constituted ©'"'""9 sector relative to the substorm onset time corresponded

the auroral zone. These two regions were found to overlap in tﬁg the drift time of ~40 keV_unstany quasrtrappec_i electrons.
One of the most extensive studies based on riometer data has

midnight region but at all other local times the auroral zone, assé%-

ciated with the diffuse aurora is equatorward of the auroral ov een p_erformed by Be'rkey etal. [1974]. By_ Initiating a I_arge col-
. . S . aboration among 6 different groups, 40 riometer stations were
This result has important implication on the source location of the

different electron energies in the magnetosphere. In the regiéjﬁEd to study 60 substorms during solar minimum (1964-1965)

where substorm onset on the average takes place, i.e., around m&}aEj solar maximum (1969). Even though there was a lack of sta-

night, both the soft and energetic precipitation occur at about t%ons n the Atlantic along the auroral_zone, introducing some
certainties, they were able to draw isocontours of absorption

same latitudes at field lines that are connected to the near-Eafth . - :
etween the 40 stations to obtain the temporal development of iso-
central plasma sheet (CPS). At dawn, day and dusk the soft elec- . . . . .
T - T . ated substorms with a time resolution of 15 min. In Figure 8 we

tron precipitation is associated with field lines very close to th

open-closed boundary, while the hard drizzle precipitation is ass%-ave shown their average substorm obtained from all the 60 sub-

ciated with field lines well within the stable magnetosphere. The%s/torms studied. Substorm onset (T=0000, i.e., hhmm) was found

found two local time maxima of precipitation, one pre-midnighto occur (on average) around midnight, expanding into the morn-

. T ing sector (T=0015) and about T=0030 a maximum of absorption
I I I h . . :
(mostly soft but also energetic electron precipitation) and another pears in the morning sector at ~6 MLT and continues for ~2

between dawn and noon (only energetic electron precipitation). A
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1200
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hours, with the peak of absorption slowly moving towards noon.
In almost every substorm they found an eastward expansion with
velocities independent of magnetic activity (i.e., the Kp index) and
for most substorms this expansion corresponded to the magnetic
curvature and gradient drift of electrons in the energy range ~50-
300 keV. However, for some cases they found extreme velocities
that corresponded to ~1 MeV, but most likely this must be
explained by some injections they missed due to the scarce density
of stations in some regions. The eastward velocities they found
showed a clear tendency of slowing down at the dayside of the
Earth, which is consistent with a magnetic field configuration
compressed at the dayside and stretched down the tail giving a
much larger magnetic gradient at nightside than dayside. West-
ward expansion, often associated with the westward travelling
surge (WTS) was found in less than half of the substorms expand-
ing occasionally either along the auroral oval or the auroral zone,
indicating that this feature is not a common part of the energetic
precipitation morphology during substorms. The velocities found
for the equatorward and poleward expansion increased from ~0.5
km st to 1.0 km s' depending on the Kp index and were found to
be in good agreements with previous results [e.g., Akasofu
et al., 1966]. We should also notice that they did not report any
increase in absorption when the stations entered the sunlit hemi-
sphere. Thus they found no evidence for the morning maximum to
be caused by any increase of cold plasma density diffusing from
the upper atmosphere into the magnetosphere and causing
increase of precipitation of energetic trapped electrons, as pro-
posed by Brice and Lucas [1971]. This is probably because the
sunlight is entering the atmosphere at very slant angles at these
high latitudes and the effect, if any, will be smoothed.

3.2. Particle studies

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

3.2.1. Morphological Studies.

From large data sets from low-altitude satellites it is possible to
construct average contours of precipitating electrons for different
energies. Hardy et al. [1985] used the data set from the Defense
Meteorological Satellite Program (DMSP) satellites to study elec-
trons in the energy range from 50 eV to 30 keV and Codrescu
et al. [1997] constructed maps of average flux in the energy range
from 30 keV to >300 keV using the National Oceanic and Atmos-
pheric Administration (NOAA) satellites. As the satellites used for
these two studies were all launched into sun-synchronous orbits
some local times in the afternoon and post midnight sector were
not covered, introducing some uncertainties into their results. The
European Space Research Organisation 1 Aurorae (ESRO 1A) sat-
ellite provided better coverage and some results of the average
fluxes of precipitating (i.e., at ~10° pitch angles) electron energies
of 1 keV, 6 keV and 13 keV for 4 different magnetic activity level
(Kp=0°-1°, 1*-3°, 3*-5° and 5-9°) have been presented by Riedler
and Borg [1972]. McDiarmid et al. [1975] based their study on

Figure 9. Average intensity contours for electrons of (a) 150 ev/SIS-2 data, and as this satellite precessed ~4 min/day they

(b) 1.3 keV, (c) 9.6 keV and (d) 22 keV given as @ssr keV)

obtained a complete local time coverage in about 5 months. The

forKp <3 and pitch angles <45°. CGM grid is used for all plots withinstruments measured electrons in the energy range from 150 eV
noon at the top. (Same as Figures 4, 6, 8 and 9 from McDiarmi{@ >210 keV. Measurements from ~1100 passes in the northern

et al. [1975]).

hemisphere were grouped according to electron energies into 1°
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invariant latitude intervals, 2 hour MLT intervals, three pitch angleslectrons during the expansion phase and throughout the recovery
intervals and several ranges of Kp. To exclude large storm daghase [Reeves etal.,1990; Reeves etal.,, 1991; Friedel
only passes during K< 3 were used to obtain average intensityet al., 1996]. From particle measurements from geosynchronous
contours for different electron energies. Figure 9 is a compositiosatellites both the injection signatures and the dispersed drift sig-
of 4 of the figures from their paper, showing contours of 4 differnatures have been thoroughly examined. Here we will refer to
ent electron energies for Kp <3 and pitch angles <45°. For theriedel etal.[1996], who examined one year of Combined
low-energy electrons (150 eV, shown in Figure 9a) two maxim&elease and Radiation Effects Satellite (CRRES) data to deter-
can be seen, one in the post-noon and another in the post-midnighine dispersionless injection signatures in order to find the most
sector, which they related to cleft electrons or magnetosheat elgmrobable location for the injection to occur. The orbit of the
trons entering the closed field region at these local times. For eleCRRES satellite was close to the equatorial plane with the apogee
trons at 1.3 keV (Figure 9b) the two maxima are still significantat L=8.1 wandering from 8 MLT to 16 MLT throughout its life-
but a third maximum appears in the pre-midnight sector related tome. This paper reports that dispersionless injection signatures
substorm breakup events. Going further up in energy, Figure Qeere observed at distances from L=4 to L=7, with a peak occur-
shows the intensity contours for 9.6 keV electrons. Now the tweence frequency at L=~6. They also found the ion injection to
soft electron maxima have disappeared but the pre-midnight magecur most frequently in the post midnight region at 24-03 MLT
imum is still apparent. For electrons at this energy a second maxisile the electron injection had a peak occurrence frequency
mum is found in the morning sector and for even higher electroaround 21-23 MLT.

energies, 22 keV in Figure 9d, only the morning maximum In the paper of Reeves et al. [1991] the curvature and gradient
remains. They related this high energy morning maximum to therift of energetic particles were numerically modelled. To model a
drift of electrons and some precipitation mechanism that wa®alistic magnetic field a model by Tsyganenko and

believed to be most efficient in the morning sector. Usmanov [1982] was used. In order to calculate the gradient and
3.2.2. Substorm Particle Injections and Drift Paths of curvature drift for all pitch angles they used the invariant integral
Injected Electrons. (2. adiabatic invariant) given by

As mentioned above the ionospheric features of electron pre-
cipitation are related to a source location in the magnetosphere. 12
Even though there are still a lot of unresolved issues connected to | = J‘[l—ﬂs—)] ds 9)
our understanding of the evolvement of substorms, some basic By
concepts seem to be commonly accepted. Prior to the substorm
onset a growth phase [McPherron et al., 1973], associated with tihere B(s) is the magnetic field strength along the field lifg,
merging of the interplanetary magnetic field (IMF) at the subsolathe magnetic field strength at the mirror poins, andm,. The
magnetosphere due to the southward turning of the IMF, accorBounce average drift velocity, is then given by
plishing a more efficient coupling and energy transport from the
solar wind into the magnetosphere. During the growth phase the Vp = W= 2w 0
magnetotail becomes stretched due to the strengthening and thin- 438y
ning of the cross tail currents and the CPS [Kokubun and ] o ) )
McPherron, 1981; Pulkkinen, 1991]. Furthermore, increaseyhere W is the kinetic energyy is the charge and subscript 0
directly driven precipitation at dawn, day and dusk [Elphinston&€notes values at the equator &d(11) is the so-called half-
etal., 1991] and a brightening at the equatorward edge of the dffounce path length.
fuse aurora at midnight [Sergeev etal., 1983] are very often m,
observed. As a consequence of the very stretched magnetic field B(s)
and the thinning of the current sheet which unstabilize the system, Sg = J-[l_B_
the formation of a near-Earth neutral line (NENL) through a m, M
reconnection process [Hones, 1976; Hones, 1977; Hones, 1979;

Shiokawa et al., 1998] is believed to occur. The rapid change of By using these equations together with the magnetic field
the magnetic field caused by the reconnection process leads torggdel, they simulated the drift velocities for different particle
induced electric field which will increase the convective drift ofenergies at different pitch angles. The derived drift velocities
particles towards the Earth. This abrupt increase of convectiidiowed about a 30% decrease from midnight to day, due to the
drift or commonly called the dispersionless injection of particle$hanges in magnetic gradient, which was also seen in the figures
have been widely studied by geosynchronous satellites [e.glom Berkey etal. [1974]. By using the information of the dis-
Reeves et al., 1990]. Then it has been proposed that the brakingﬂﬂ’fsed drift echoes seen at geosynchronous orbit the numerical
the particles in the near-Earth CPS is what initiates the fieldnodel was used to trace back in time the location of the disper-
aligned currents, the current wedge formation and dipolarizatio¥ionless injection. Using measurements from 3 of the Los Alamos
of the magnetic field lines related to the breakup of the substorfdational Laboratory (LANL) satellites Reeves etal. [1991] esti-
onset [Rostoker and Eastman, 1987; Shiokawa et al., 1998]. THRAted both the injection regions for electrons and protons, their
defines the beginning of the substorm expansion phase. Throudqa.cation and time of arrival. Figure 10 shows the schematic repre-
out this phase and the recovery phase the injected particles wientation of the injection region for both electrons and protons
drift due to the forces of the magnetic and the electric field. ~ using both local measurements (spacecrafts A and B) and the

This very short description of the substorm evolvement i§emote determination from spacecraft C and the drift model (same
meant to introduce the injection process, which have been usedag Figure 16 from Reeves etal.[1991]). As can be seen they
determine the substorm onset time [e.g., Erickson etal., 197ferred a region called the central injection region of both elec-
@stgaard etal., 1999c, hereafter called Paper 2; HalaitPns and protons and an dawnward electron periphery and a dusk-
et al., 1999, hereafter called Paper 3] and the subsequently drift\wrd proton periphery. The two peripheries result from the

m,

m

ol x By (10)

—(1/2)
} ds (11)
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the curvature and gradient forces act differently on electrons at
different energies, their trajectories are quite different. This is

-47°  Injection Region  -4° illustrated in Figure 11 (same as their Figure 11) showing the tra-
Ton LDEtel‘miﬂed Remotely | fleciron jectories for electrons that are energized from the reconnection
Periphery | by Spacecraft C Periphery region at x=-23R: up to energies of 180 keV and 20 keV at x=-10

Rz and y=0R:. When observing both particles at midnight at x=-
10 Rc it can be seen that the 180 keV electron has drifted in from
the flank of the magnetosphere while the 20 keV electron has
drifted in the CPS close y=B; all its way from the reconnection
region. Thus, if the electrons at different energies have a source
region in the distant tail with a small azimuthal extension an
energy structured injection region would be observed, with an
eastward displacement of the injection region for the higher ener-
Figure 10.A schematic of the comparison between local measurgyies. Another result from this paper which should be mentioned is
ments of the injection region from spacecraft A and B, and remot@ ¢ the strongest electric field induced by the reconnection proc-
determination of the injection region using observation fronpgg appears around x=-F5 even if the reconnection region is a

spacecraft C and the drift model (same as Figure 16 from Reevgs 23 R. The results from comparisons with measurements
etal. [1991]). The extension of the injection regions are indicateghgkes this model rather convincing.

by geomagnetic longitudes relative to midnight.

Central Injection Region B
Determined by A & B |

-60.8° -48° -2°+2.8°

T

3.3. Balloon campaigns

From 1960 and 1970 a large number of balloon campaigns
were performed. Scintillators and Geiger-Mdller tubes flown at
balloon altitudes (~35 km) provided X-ray measurements which
a 200 were compared with different ground based measurements like
T\\ magnetometers and absorption of cosmic radio noise. From 53
' y balloon flights Barcus and Rosenberg [1966] studied the temporal
and spectral variations of X rays at almost all local times. The
N main results from their study are shown in Figure 12, a polar plot
-65 showing increasing e-folding energies from the center and out-

ward with midnight at the bottom and noon at the top. Starting
X from pre-midnight the sporadic nigh time activity, related to sub-
storm onset events have a large range of e-folding energies. Mov-
ing to the early morning slowly varying bay events of hard X rays
and fast pulsations with softer X-ray spectra are shown. Close to
noon microbursts (50 ms) with hard spectra were observed. Such
microbursts have been observed by others in the midnight region
20 | as well [e.g., Parks et al., 1968]. Bjordal et al. [1971] studied the
X-ray events in the midnight sector and found them to correlate
15[ 1 very well with ground based magnetic bay signatures. They also
Wiin (keV) found that the X-ray spectra showed an abrupt hardening at the

101 substorm onset with a subsequently softening. Pytte and
> -65 Trefall [1972] have reported significant growth phase signatures
51 | ] of enhanced X-ray emission%;, - 1 hour before substorm onset.
] ] X The spectra observed during such events were interpreted to be
910 5 0 5 1078 consistent with adiabatic heated electrons, i.e., electrons drifting

y towards the Earth in an increased convective electric field.
By using riometers and magnetometers from Canada stations

Figure 11.Energy variations of sample electrons that end at x=-160mbined with balloon launches from Scandinavia, the relation
Reand y=0R: at t=7 min. The figures show the trajectories for elecetween the substorm onset and the slowly varying events in the
trons that are energized from the reconnection region at xR:23 Moring sector were studied [e.g., Sletten etal., 1971; Kangas
up to: (a) a final energy of 180 keV; (b) a final energy of 20 keV &t al., 1975]. In Figure 14 we show one of the figures from Kangas
They illustrate that most of the energy gain occurs during the eartt al- [1975] where the cosmic radio noise absorption was meas-

ward drift in the collapsing inner tail (same as Figure 11 from BirrHred (July 28, 1965) at Great Whale River (L=6.9) and the X rays
etal. [1998]). were measured with two Geiger-Miiller tubes flown on a balloon

from Andenes (L=6.3). One of the Geiger-Mduller tubes had walls
of Al and the other had an internal Bi screen, giving a higher low-
curvature and gradient drift which is opposite directed for elecenergy threshold for the latter and thus the ratio of the measured
trons and protons. X-ray intensity from the two tubes could be used to extract spec-
Birn et al. [1998] have modelled the injection trajectories foitral information. The bottom panel shows the spectral develop-
different electron energies due to the collapse of the magnetic fiefgent through the event at Andenes with a double structure, i.e.,
during the reconnection process. The reconnection process ledld two peaks of hardening of the spectra correspond to two pulses
to an induced electric field which determines the injection and & injected electrons at midnight during the substorm expansion

150
Wiin (keV)
100}

SO

o
b
'
[4)]




N. 3STGAARD: THE DYNAMICS OF ENERGETIC ELECTRON PRECIPITATIO. . . MONOGRAPH 13

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

3.4. Summary on previous studies

From the statistical studies based on in-situ electron measure-
ments and riometer measurements there are found to exist two
maximum regions of energetic precipitation but three maxima in
the softer precipitation (~1 keV). Focusing on the energetic pre-
cipitation the first and most intense maximum is found to be situ-
ated around midnight and to be related to the injection of fresh
electrons and another maximum to be located between dawn and
noon, most probably related to the drifting electrons. However, by
focusing on electron precipitation at lower energies (~1 keV),
Figure 12. Diurnal pattern of the spectral character of energeti(t:here is found to exist an additional maximum in the postnoon

(~50-250 keV) electron precipitation suggested by bremsstrahlu(ﬁéglon' This region is also found to have an almost complete lack
e

. ; X-ray emission [Petrinec et al., 1998]. Except for the study by
X-ray observations in the auroral zone |[Barcus an : .
rkey et al. [1974] most of the studies were based on adding all
Rosenberg, 1966].

the observed precipitation during different kinds of geomagnetic
activity and providing no information on the temporal behavior of
single substorms.

0330 0400 0430 0500 0530 UT The time delays between the morning activity and the substorm
I T T 17T T T T I . L . .

s JULY 28,1965 onset in the midnight sector were found to be consistent with the
ot —t drift of electrons of energies from ~140 keV [Sletten et al., 1971],
oL i 100 keV [Berkey etal.,1974] and 100-200 keV [Kangas

CNA, GREAT WHALE RIVER et al., 1975]

T L6 Modelling of curvature and gradient drift velocities in a realis-

tic magnetic field model has shown that the observed drift echoes
seen at geosynchronous orbits can be used to infer information
about the shape of the injection region, as well as the onset time of
] the injection. Furthermore, modelling of the energization of the

4000}~ L4000 injected particles caused by the reconnection process in the near-
- - Earth magnetotail has revealed the observed shift of injection
2000|- —2000 fronts for protons and electrons as well as particles with different
energies.
1000 —1000

600~

oo 4. Pulsaur Il rocket experiment

Pulsaur Il was a sounding rocket experiment, launched from
o7 Andgya Rocket Range (66.1° CGM latitude) at 23.43 UT (0130

400
0.7,

osl- anfen jo,s MLT) on February 9, 1994, into a pulsating aurora during the
ook Tos recovery phase of a substorm. We utilized the X-ray measure-
L n ments and electron measurements during this flight to develop and
0.1 —od evaluate a method for deducing the energy spectrum of the elec-
L v v 1 s v 1w Lo tron precipitation from the X-ray measurements [Paper 1]. In this
0330 0400 0430 0500 0830 UT

section we will describe in more detail some of the procedures

Figure 13.X-ray recordings in Scandinavia on July 28, 1965 and!Sed in that study and discuss the conclusions of the paper.

simultaneous riometer recordings from the midnight sector from An X-ray detector measured X rays from 5.6 keV to >35.4 keV

Great Whale River [Kangas et al., 1975]. and a photometer measured at the 4278 A emission line, looking
at 135° and 150° relative to the spin axis of the rocket, respectively
(see Figure 1 on page 30, Paper 1). We used the information from
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an all-sky camera, combined with the correlation between pulsa-
tions in the X rays and the prompt,Nemission to find the time
interval best suited for comparing the electrons and the X rays (st
Figure 3 and Figure 4 on page 32, Paper 1). We selected a tim
interval when the footprint of the field line at the rocket position|E|
(i.e., the electron measurements) and the area of the X-ray me: §9°
urements were close and both within a region of approximatel|2
spatial uniform precipitation.
The method used to derive the isotropic flux of electrons fron &0
the X-ray measurements was based on tables from Seltzer a
Berger [1974] and Walt et al. [1979] as described in Section 2.t
The electron measurements were provided by an electrostaticar 00
lyser and a solid state detector and when making some assun 02 04
tions [for details, see Paper 1] we obtained energy spectra from :
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 fror

ALT

ION PRODUCTION RATE (crri3 sech—»
002 003

06 08 1
ENERGY DISSIPATION (eV/cm3 sec)—

b

B
the X-ray measuren‘l_en"[s we transfor_med the highly anisotrop g”’ 80=30°
measured electron distribution (see Figure 8 on page 36, Paper 2
into an equivalent isotropic distribution of electrons, by which we |5

mean the isotropic flux of electrons that would result in the sam
number of absorbed electrons as the anisotropic electron flux w
give. To do this we used the results from Maehlum anc
Stadsnes [1967] to find the fraction of absorbed electrons enterit 4, 001
the atmosphere at different nadir angl@3. Contrary to earlier 0
studies based on a secétrethod [e.g., Rees, 1963] their Monte

Carlo method did not give any altitude dependence of the maxiEigure 14. Production rate of ionization in the atmosphere for a
mum absorption peak for different nadir angles. However, thegon-vertical beam of monoenergetic electronsxfiul electrons
found the magnitude of energy deposition to decrease witfen? s)?) with E, =100 keV. (a) Calculation based on a sedgqt-
increasing nadir angles as the fraction of backscattered electroggyrection @ is the nadir angle) in the atmospheric depth. (b) Cal-
increases when entering at slant angles. Both methods are shogufation based on Monte Carlo-method. (same as Figure 4.2 and
in Figure 14. From their Table 2.2. we found the fractions ofigure 4.6 from Maehlum and Stadsnes [1967]).

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@z 30°, 60° and 80°. Table 6.Values for estimating the equivalent isotropic flux of

We interpolating the fraction of absorption between these nadglectrons from anisotropic electron fluxes.

angles. Then we calculated the total electrons entering a horizor

8

ION PRODUCTION RATE (cm™sec')»
002 003

.06 .08 Rl
ENERGY DISSIPATION (eV/cmIsec) —

tal unit area of a plane atmosphere within 9 pitch angle intervals Pitch angle J(a<a<a,) Fraction absorbed Absorbed
from 0°-90° using (12). By setting the pitch angle equal to the interval [Meehlum and electrons
nadir angle, which is a reasonable assumption at such high lati-~ (@2 Stadsnes, 1967]  (A)

tudes, we established the fraction of absorbed electrons in eacty =0 -10 0.0947308 0.86 0.0814685

10° pitch-angle interval4j) given in Table 6. By using (13) we

transformed the measured anisotropic electron directional fluxes! =10 - 20 0.272766 0.85 0.231851
jmi into an equivalent isotropic electron fluyg (s sr keV cri)?, 2=20-30 0.417902 0.83 0.346858
that would result in the same number of absorbed electrons as the
anisotropic electron distribution will give. 3=30-40 0.512632 0.80 0.410106
2 2 4=40-50 0.545532 0.75 0.409149
J(o, <a<a,) = m((cosuy)” —(cosa,)”) (12)
5=50-60 0.512632 0.67 0.343464
8 A 6=60-70 0.417902 0.56 0.234025
Imi A
. i = 7=70-80 0.272766 0.40 0.109106
s = =F— (13)
z A 8=80-90 0.0947305 0.25 0.0236826
1
i=0 Sum 3.14159 2.18971

To do this calculation properly the measured electrqn flux haasngles <74%) down to 100 km according to Liouville’s theorem
to be transposed from rocket altitude down to 100 km, i.e., where . . L . L
: .~ and the conservation of the 1. adiabatic invariant. By looking into
the X rays are assumed to be produced. As this was not done in tt e .
7T X . . hé codes once more we also found that the double exponential X-
calculation in Paper 1 we did also include electrons outside the . .
ray representation of the measured X-ray spectra were slightly

loss cone in our calculation of an equivalent isotropic flux of elec- . . )
. verestimated. Correcting for both these errors we now obtain bet-
trons. However, we have rerun the calculations, transposed the . A .
- . . .. _ter fits for the X-ray spectra as can be seen in Figure 15 (which is
fluxes within the loss cone at the rocket altitude (i.e., at pitch
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the same spectra as shown in the two upper panels of Figure 10 on
page 38, Paper 1). We have also replotted the upper panel of
Figure 11 on page 39, Paper 1, which is shown in Figure 16. The
average discrepancy between directly measured electrons and
derived electrons from X rays, integrated in the energy range from
10.8 keV to 250 keV, is now 4% (instead of 27% [Paper 1]) but the
correlation has decreased from 0.6 to 0.52. However, these
improved results are just minor adjustments having no influence
on the conclusions in the paper.

The good results reported in this study [Paper 1] were provided
by the combined use of the results from different studies that con-
stitutes a complete method to derive equivalent isotropic fluxes
and spectra of electrons from the angular-dependent precipitating
electrons and from the angular-dependent X-ray measurements.

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

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

3. By combining the two models [Seltzer and Berger, 1974;
Walt et al., 1979] we were able to take into account that the X rays
are not emitted isotropically from the production layer. The pref-
erence for near horizontal escape angles is significant for all ener-
gies and most pronounced at the higher X-ray energies.

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

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

2. The theoretical models by Seltzer and Berger [1974] and
Walt et al. [1979] assume an exponential shape of the electron
energy spectrum. This is clearly an idealization of the real shape
of the electron energy spectrum which sometimes may be fairly
good but in other cases not so good at all. Both Maxwellians and
exponentials have been widely used to represent the electron spec-
trum, but as only electrons >5.6 keV in this study (and >3 keV in
the PIXIE measurements) produce measurable X rays, these two
distribution functions are very similar, regarding X-ray production

Figure 15. X-ray energy spectra for 167- and 175-s flight time, inat energies above the low-energy threshold of our instruments. By
lin-log scale Solid line measurements in azimuth sector 0° to 30" Using the double exponential representation we were able to take
with error bars (statistical fluctuations) indicated. The channelto account the frequently observed hard tail in the electron spec-

10.0-12.3 keV and 12.3-15.8 keV are addBdited line two ex-

trum. However, others [e.g., Christon etal.,1991; Sharber

ponential approximationdashed line the two exponential ap- €t al., 1998] have found that a Kappa function is even better to

proximations added.

represent the hard tail of the electron spectrum. This will be dis-
cussed later in connection with the PIXIE studies, see Section 5.4.
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Electrons 10.8 — 250 keV

Correlation coefficient: 0.52
\cfor: 1.04

7(10.8 keV < E, < 250 keV
(s*srxcm?)”

107 S S S S S S S S MR SR
140 150 160 170 180 190
Flight fime (seconds)

Figure 16.Calculated electrons from differential X-ray spectra and directly measured electrons, equivalent isotropic integra8iiiaxes.
Line: Electrons integrated from 10.8 keV to 250 keV, calculated from X-ray differential spectra (5.6 - 100 keV) measured in the azimuth
sector from 0° to 30Dashed LineDirectly measured electrons, integrated from 10.8 keV to 250 keV.

3. Seltzer and Berger [1974] and Walt et al. [1979] assumede refer to Technical Report and here we just want to point out
isotropic fluxes of precipitating electrons. In our case we observesbme main aspects of the image processing.
an anisotropic electron precipitation. In our calculations of the PIXIE is a pinhole camera with four stacked multiwire propor-
equivalent isotropic electron distribution, we have assumed théibnal counters as detecting elements. Two detectors are in the
the X-ray production from monoenergetic electrons is proporfront chamber, which contains a 1.1 atm Ar/€@ixture, has a
tional to the number of electrons absorbed in the atmosphere. Wel mm Be entrance window, and is sensitive to X-ray photons
do not know how good this assumption is. from ~2 to ~10 keV. The rear chamber, with a 2 atm Xef®ax-

4. Both Seltzer and Berger[1974] and Walt et al. [1979}ure and a 2 mm Be window, contains the other 2 detectors and
assumed homogeneous electron precipitation over wide horizontvers the energy range from ~10 keV to ~60 keV. Generally the
areas. This is most often not the case in reality and it is clear thphotons are stopped by photoelectric absorption in the detector
the geometry of the electron precipitation regions will influenceyas. The photon energies are revealed by the amplitudes of the
the angular distribution of the X rays leaving the atmosphereanode signals and are digitized into 64 energy channels for each
Assuming uniform precipitation, the van Rhijn effect will influ- layer. The corresponding induced signals in the surrounding cath-
ence the calculation of the angular distribution of X rays to a largede wires provide the X and Y positions of the interaction and is
extent. In the case studied in Paper 1 we observed both arc fragad out through a graded density wire structure [Gilvin
ments and patches, and as the detector was looking at slant angdeal., 1981]. Thus every X-ray photon is recorded separately with
at the source region the van Rhijn effect will be different from theenergy, position and time. The graded density position read-out
uniform precipitation case, causing some uncertainty in the calcgystem has some inherent non linearities. To correct for these a
lations. look-up table was included in the instrument electronics in order

From the study presented in Paper 1 we may conclude thtt linearize the position coordinates.
using proper inversion procedures, X-ray measurements wasAs for all space borne instruments properly calibration was
proven to be a powerful technique to derive the spatial, temporglovided before launch both regarding spatial determination and
and energy distribution of the energetic electron precipitation. energy response. Correction of the count rates due to dead time in

the instrument, the read out system and the telemetry were all well
. . known and rather straight forward to correct for. What causes the
5. Global X-ray imaging by PIXIE main problem for the PIXIE instrument was the change of temper-

With the PIXIE instrument on board the Polar satellite a nevature relative to the expected operational temperature. The instru-
era of X-ray measurements was initiated. The global images takerent was calibrated for operating at slightly below room
during apogee passes enable us for the first time to study ttemperature, as predicted by the pre-launch thermal simulation,
dynamics of the entire global X-ray aurora. In this section we wilbut soon after launch it became obvious that the temperature was
briefly describe some of the problems we encountered in thesually below -10°C. This large change, i.e., ~25°, introduced
image processing and how we solved them. We will also discustknown gain shifts and signal offsets in the instrument electron-
the main results from our analysis of the PIXIE data, which arés, which made the pre-launch calibrations, both the spatial deter-
reported in 2 published papers [Paper 2; Paper 3] and 2 submittednation and the energy response, almost useless. Thus a complex
papers [@stgaard et al., 1999d, hereafter called Paper 4; Paper &)rrection scheme had to be established in order to correct for

these errors.
5.1. The PIXIE instrument and image processing The main effects of the unknown gain shifts and signal offsets

For a detailed description of the image processing procedu?ée:
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1. The position coordinate linearization by the look-up table 5.1.6. The Position Determination. After applying the non-
works more like a ‘scrambler’ rather than a correction procedurdinearity correction procedure (Figure 10 on page 103, Technical
The position corrections routines now have to be energy and terReport) there are still two more steps in order to establish the cor-
perature dependent and each wire layer (cathode) now behavest coordinates for the images. First, applying large-scale factors

differently. provides that the distance between the sub-images is consistent
2. The instrument energy calibrations taken at near room terwith the distance between the pinholes. Finally the center of the

peratures are no longer valid. focal plane has to be determined for all the layers. The position of
Additional problems which appeared during flight: the neutron-star binary Circinus X-1 X-ray source is accurately

3. The front chamber (the low energy section of the instruknown. By comparing the nominal and observed locations of its
ment) developed an intermittent high voltage supply problenimage an absolute position calibration is obtained for center pixels
which is resolved by duty cycling the high voltage supply. In theof the first two detector layers. Due to the softness of the spectrum
early stage this instrument section could be operated at less thiaom Circinus X-1 the method can only be applied to the front
10% duty cycle, but later one has obtained up to 80% duty cyclehamber. To determine the center pixel in layer 3, i.e., determining
which is quite satisfactory. the true mechanical position of the layer 3 pixels, we used X-ray

4. A gradual increase of the gain in the front chamber which isvents with bright narrow spots visible in both layers and shifted
interrupted by a smaller decrease during each biannual flip of titee layer 3 image around until we obtained the best spatial correla-
satellite. tion with layer 1.

Since PIXIE analogue electronics temperatures spend most of 5.1.7. Energy Calibration. Energy calibration is performed
its time below -10°C we have concentrated on developing a coby two internal X-ray calibration sources, one at 5.895 keV for
rection procedure for this temperature range, and we are at presanbdes 1 and 2, and another at 22.1 keV for anodes 3 and 4.
able to provide X-ray images and X-ray spectra with a spatial res- As discussed in Section 2.3 the line emission from Ar must be
olution only dependent on the geometry of the camera and statistitken into account when the detector uses Ar as stopping gas. For
cal error due to the count rates of the auroral X rays. BasicallRIXIE the Ar line has been successfully utilized during calibration
there were three different kind of correction schemes to be madein as the Ar escape peak is seen at 2.9 keV, i.e., 5.895 keV - 2.96
1. Background subtraction. 2. The position determination. XeV (where 2.96 keV is the Ar Kx line) providing two calibration

Energy calibration. points and thus enabling determination of both the gain and offset
5.1.5. Background Subtraction. For a time interval to be for this layer. When detecting auroral X rays the Ar escape peak
classified as background interval we required: will be distributed through the entire energy range, i.eE,at2.9
1. Analogue electronic temperature is below -10° C. keV with an intensity less than 7-8% of the incoming X-ray pho-
2. No auroral X rays nor celestial X rays are visible. ton with energyEy, and the error from this effect is therefore neg-
3. Satellite at radial distances greater thd®.6 ligible. The energy calibrations have revealed an unexpected gain

As the position determination due to the signal offset were bottrift in the front chamber, which is seen as a gradual displacement
time and energy dependent we have sampled background matricéghe calibration peak towards higher channels interrupted by a
for different periods of time and for 5 different energy bands irsmaller decrease during each biannual flip of the satellite. Exami-
each layer. The separation in 5 energy bands was chosen in ordation of these temporal changes resulted in a linear relation
to improve the statistics in each energy band. As we found that theetween the calibration peald) and the day numberd(), as
fluorescence peak and the background noise to dominate the cogiven by (14) A andB are constants).
rates in anode 3 above channel 22, we have sampled the back-
ground for this anode in two energy bands, channels 10 through Pc = Aldy+B (14)

15 and channels 16 through 21. These background matrices Fis relation is documented in Figure 6 on page 100, Technical

now used for subtracnpn: . L . Report. Furthermore, based on the two peaks from the calibration
As background radiation we consider all radiation which are

S . run the relation between offset and calibration peak was also
not X rays produced by precipitating electrons in the atmospher%und to be linear. Given the temporal changes of both the gain
There are at least 3 sources for this background radiation. ;

. and offset the energy of each X-ray photon in the front chamber
1. X-ray bremsstrahlung produced when energetic electron 9y o yp
trike the structur rrounding the chambers. Th X-r hC n be properly determined.
strike the structures surrou g the chambers. These A-1ay pho-p.yhe reqr chamber, filled with Xenon gas, we obtained only
tons will probably enter the detector chambers almost isotropi- o X
. I . one peak from the calibration run, i.e., at 22.1 keV (or a double
cally, with some preferences of radiation from the sides and the . : -
. - peak, see Figure 5 on page 100, Technical Report). To obtain an
rear due to the location of the surrounding structures.

5 Cosmic X ravs coming in throuah the pinholes. These >gstimate of the offset in the rear chamber we based our reasoning
' ! Y Ing | ug Pt : n the fact that in general an X-ray bremsstrahlung spectrum has

rays will be detected during apogee passes when the Earth dqg%e monotonously decreasing towards higher energies. Further-

not cover the whole field of view of PIXIE. more, an eventual hinging point (i.e., the transition from one dom-

3. M_ln!mum lonizing particles passing through the Chaml:)er'lsnating e-folding energy to another) shall not necessarily be at the
and avoiding the veto system.

intersection of the ranges of anode 1 and anode 3. By applying a

Compared to the contribution from minimum ionizing partlclesnon_Zero offset to the energy spectrum of anode 3 we found it pos-

we found the X ray background to be dominant. This means th%t

; . : : ._Sible to a large extent to comply with these constraints, as shown
in addition to be used for background subtraction the mformatlolnrl Figure 7 on page 101, Technical Report.

of non-linear effects in the background can be used to correct for 5.1.8. Time and Spatial Resolution. The spatial resolution

the non-linear effects seen in the auroral X-ray images for both tl’fg determined by the pinhole size and corresponds to ~1000 km

front chamber and the rear chamber. Thus an algorithm to redig- . L
tribute th oral X- ounts were established [see Sectio S?d ~150 km in the X-ray source region in the atmosphere, for
ribu e auroral X-ray counts were establis [see Section 5, pogee and perigee passes, respectively.

Technical Report]. The time resolution for the global auroral images are deter-
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mined by the counting statistics and is therefore better for thecheme was only valid during times of low temperature of the ana-
lower than for the higher energies, due to the shape of the X-rdggue electronics (<-10°C) and thus only measurements from late
bremsstrahlung spectrum. For apogee passes we have found thitdy to early Oct. and from late Nov. and throughout Dec. (see
min accumulation time is a proper choice for the rear chamber, biigure 2 on page 98, Technical Report) could be used for this
down to 1-2 min can be used for the front chamber. For the perstudy. To be included as isolated substorms for this study we also
gee passes these accumulation times can be lowered consideratiynanded that:
due to the much higher counts rates, but so far we have not sys-1. The provisional AE index from Kyoto data set showed sig-
tematically studied any events during perigee passes. The accumificant signatures of isolated substorms.
lation times given here are for moderate events and can be lowered2. During apogee passes UVI and PIXIE both covered the sub-
for stronger events. To study temporal changes during the apog&term onset and the main part of the recovery phase.
passes at even better time resolution, we have integrated properlyWe found 14 isolated substorms during 1996 which complied
defined areas giving a time resolution down to ~30 s, which i&/ith these constraints [Paper 2]. Later we included 2 events from
comparable to imaging techniques at other wavelengths. As wi®97 when both the front chamber and rear chamber were operat-
record every X-ray photon separately with energy, position anihg (presented in Paper 4). For each of these substorms we exam-
time, the time resolution can be adjusted according to the strengtied energetic particle measurements from geosynchronous
of the event. Compared to previous X-ray imaging instruments thadtitude from a set of satellites operated by Los Alamos National
PIXIE camera represent a huge improvement regarding the glodadboratory (LANL) and the NOAA Geostationary Operational
coverage and time resolution. However to study fine spatial fe&nvironmental Satellite (GOES). Measurements from all these
tures, X-ray instruments onboard low-altitude satellites are momgatellites were used in this study depending on their locations for
suitable, e.g., the UARS PEM/AXIS. the different events. As the X-ray emission observed by the PIXIE
By isolating the different processes taking place in the PIXIEear chamber is primarily generated by electrons with energies 10-
camera and providing calibration and correction in a modular ste}00 keV, we mainly focused on the lower-energy channels (50-
procedure we believe that the spatial resolution for the processB@0 keV) when we compare the ionospheric X-ray fluxes to elec-
PIXIE image is now restricted basically by the geometry in theron injections seen by the LANL satellites. For comparison
camera and the statistically errors due the low count rates of X-rdpetween PIXIE and GOES the lowest electron integral channel
bremsstrahlung from the ionosphere. We also think the way w600 keV) is used. As we often observe injections of both elec-
have proceeded give us the X-ray energy spectra in 6 energy bardss and protons during the substorm onset, we also inspected the
(4 from the front chamber and 2 from the rear chamber). injection signatures seen in the proton measurements from the
LANL and the GOES spacecrafts. Solar wind data from the Wind
5.2. Global dynamics of substorms observed in X rays and UV satellite and ground-based magnetic measurements from Interna-

Motivated by the electron precipitation morphology found intional Monitor for Auroral Geomagnetic Effects (IMAGE), Cana-

the statistic studies of cosmic radio noise absorption [Berkefjan Auroral Network for the OPEN Program Unified Study
etal, 1974], in-situ particle measurements [McDiarmi CANOPUS), or Sodankyla have also been studied for each event.

etal., 1975; Hardy etal., 1985] and X-ray measurements fromhhe CANOPUS and IMAGE n_etworks were used for comparison
balloon campaigns [Sletten et al., 1971; Kangas et al., 1975] V\yéhen the onset took place during 02-10 UT and 13-18 UT, respec-

initiated a statistical study of the development of isolated sutvely. The .result_s are listed in Table 1 on page 51, Pape_r 2.
storms by comparing global images at two different wavelengths, YWhen displaying the substorm development as seen in UV and
i.e., UV and X rays from the two cameras onboard Polar (UVI an&< rays one significant difference appeared to be very obvious for

PIXIE). The study is presented in Paper 2 and here we will briefi¢/most every substorm. Delayed relative to substorm onset a max-
discuss the main results of the paper. imum of X-ray emission appeared around 5-9 MLT, which were

Due to the low duty cycle of the front chamber in the earl)[arel_y seen in the UV images. To study this feature and especially
stage of the mission only the rear chamber of the PIXIE instry"€ time delays between the substorm onset and the onset of the

ment could be used to study the continuous time development BI°NiNg maximum of X-ray emission, we wanted to examine the
substorms during 1996. Here it should be mentioned that witholl{"e .develo.pment of the X-ray sulbstorm glong the aurpral zone at
the effort from the Bergen PIXIE group to develop the imagéhe finest time resolution. By using 5 min accumulatlons of the
processing scheme from both the front and rear chamber gLobaIXrays sampled every ?O S, |nte°grat|ng se_paratelyln ev_ery2
described in Technical Report this study could not have beéf‘PF" MLT sectpr between 60 and 74" CGM latitude we obtamed
accomplished. While the UVI LBHL band, used in Paper 22 time resolution of about 1 min. The end of the accumulation
responds to the total electron energy flux, which is usually domfiMme intérval was used for the timing of onset. To improve the sta-

nated by electron energies <10 keV (see Section 2.2), the PIxfiStics 2 hour MLT sectors were chosen. For fluxes of 250

X-ray images from the rear chamber are in the energy range Q‘fev s src)* theo is ~_20%' and for _100 (kev_s sr cyrt Fheo
0%. The result of this procedure is shown in e.g., Figure 3 on

9.9-19.7 keV, which are X rays produced by electron energié§ -3
>~10 keV. Thus, for this study the UVI and PIXIE provide imagespage 49, Paper 2. i

from complementary ranges of electron energies, well suited to P@Per 2 represents the first study ever of the global features of
examine differences in the low- and high-energy range of electrdf® €Nergetic precipitation compared to the softer part of the pre-
precipitation. With this ability to follow both the spatial and the CIPitation using remote sensing techniques at two different wave-
temporal development of substorms in a wide energy range We"9ths. i-e., UV and X rays. The main results were as follows.
were able to verify the results and the suggestions put forward in 1 Growth phase signatures of directly driven precipitation at
the papers mentioned above and establish a more compreheng%"n and dusk were '?Ot seen by PI_XlE but were common features
picture of the energetic substorm. in the UV substorms, indicating mainly soft precipitation. Growth

We looked through the entire data set of PIXIE measuremenf{12S€ signatures as those reported by Pytte and Trefall [1972]
from 1996. As mentioned in Section 5.1 our image processin§€® not observed. This may be attributed to the higher sensitivity
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of the scintillator and Geiger-Mdiller tubes used for the balloon
campaigns. A study focusing on substorm onsets when both the .

. . X—ray Diff. Flux 970731
front and rear cham_bers of PIX!E are operating will proba.bl_y_ Magnetic Secfor 60-74 Mag. Lat
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].

8.00-10.0 MLT ;
— EnhFl: 0257:30 : 7

7.00-9.00 MLT

2. The substorm onsets were seen simultaneously by UVI and o EnhFl: 0256:00 f -
PIXIE and correlate very well with both the injection signatures 6.00-8.00 MIT ‘ 1
seen at geosynchronous orbit and the ground-based magnetic B EnhFl: 0255:00 ‘ B
measurements (see Table 1 on page 51, Paper 2). 75-00-7~°°E‘nbff;|: 025400 P ‘ ‘ |
3. During the expansion phase the most intense UV emissions ‘ ‘ L ‘ ‘
were observed at duskward part of the bulge, while the most 74'00—6'0()5”%;; 0254:00 f n

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; Mengf”_ 2.00-4.00 M(T
etal., 1978] is not a common feature when looking at the ener-oz [

getic electron precipitation during the expansion phase. Onlys“: fig .00-3.00"WLT
occasionally did we observe a significant westward movement o vg 20

3.00-5.00 MLT """REGION OF MINIMUM PRECIPITATION

X-ray features, similar to what Berkey et al. [1974] have reported, 3 | 240mn00 M -
and we may conclude that the WTS is basically a low-energy phe-§ 33.0-1.00 W(T

nomena (<10keV) which only occasionally include energetic elec- ~ B 7]
tron precipitation (>10 keV). An example of the latter is shown in | z2.0-24.0'WLT |
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. |20 e o2ati00 | i

4. During the recovery phase a maximum of X-ray emission TN RVIES “

was seen in the morning sector, which confirms the results found B EnhfF: 0240:30// N
by others [Jelly and Brice, 1967; Berkey et al., 1974; McDiarmid T8.6-27.0 T o ‘ ‘ ‘

etal., 1975; Hardy etal., 1985]. In both the UV and the X-ray - O i

substorm we saw eastward motion of the precipitation area, but fi:j&("zo‘"w
the maximum in the morning sector is a common feature only in 20 : ‘ ‘ : :
the X-ray substorm. As 3 of the substorms in our data set hap- ~ 020900 0220:00  0240:00 00000~ 0320:00  0340:00 0400
pened to have substorm onset in the same local time sector we

normalized and superimposed these substorms in order to repfégure 17. Time development of the mean differential X-ray flux-
sent an ‘average’ X-ray substorm, as shown in Plate 2 on page 55 in sectors from 18-20 to 8-10 MLT and fixed magnetic latitude

Paper 2. Compared to the schematics proposed by Akasofu [19@0-740 Dotted lines indicate the first enhancement of the mean
the main difference is that the morning maximum is very Signifi.differentia| X-ray flux, the dashed line indicates the sectors with
cant in our ‘average’ X-ray substorm. the largest increase rate of fluxes and solid lines are the first maxi-

5. On the basis of the time development of X-ray fluxes in Zna.
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 thehifted cyclotron resonance of anisotropic electron fluxes and
midnight sector. By using drift models of the gradient and curvaWhistler mode waves.
ture drift of electrons [Lew, 1961, Roederer, 1970], we found the 2. Another candidate is more straightforward. Equatorial mir-
time delays of 9 substorms from 1996 to be consistent with drifftoring energetic electrons injected in the midnight sector from the
ing electrons in the energy range of 90-120 keV (Figure 7 oiner edge of the plasma sheet (Rg) will drift along contours
page 53, Paper 2). In a review [Paper 4] of this result we plotte@if constant magnetic field strength when the influence of the con-
only the time delays where both the substorm onset and the on¥g¢tive electric field can be neglected (i.e., for electron&0®
in the morning sector were well-defined (i.e., the first category dféV) These contours are fairly asymmetric [Fairfield, 1968] and
1996 substorms) and added 2 more substorms from 1997 aidl cause the electrons to move outward as they drift into the
found the time delays to be consistent with drifting electrons inorning sector. During disturbed conditions the magnetosphere is
the energy range of 90-170 keV (see Figure 5 on page 75, parg@rmpressed, and the dawn magnetopause could well be at 11-
4). On the basis of these results we conclude that the maximum &% Re: Such values are obtained when the solar wind measure-
precipitation observed in the morning sector is not caused by ﬁents are used to estimate the dawn magnetopause position. We
new source region in the magnetosphere but rather to electrof§ this for 9 of the substorms presented in Paper 2, when the
injected close to midnight, drifting into the morning sectorMorning maximum could pe well identified. The esFimates of the
because of their gradient and curvature drift in the inhomogeneod8Wn magnetopause location are based on evaluating the stand-off

magnetic field. distancesRg; given by (15) [Walker and Russell, 1995],
Based on our findings in this study we also suggested 2 possi- 1

ble candidates of explanations for the observed morning maxi- > 6

mum. RST = 107'4nswusw) (15)

1. One candidate for such a mechanism is the wave-particleh is th | ind densit is th | ind bulk
interaction between VLF waves and electrons, i.e., the dopplew ereng,is the solar wind density anat,is the solar wind bu
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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] 14
found the relation between solar wind pressure and subsolar mags
netopause location as shown by solid line in Figure 18a. The trianz 12
gles and crosses show theyRoositions for the 9 substorms
calculated from (15) with the measurements from the Wind satel® ;4
lite as input. In Figure 18b the solid line shows the relation 3
between the locations of the subsolar magnetopause and the dawn- 4
side magnetopause as found by Sibeck et al. [1991] and the trian-
gles and crosses show the dawnside magnetopause location for the & s s ‘ s ‘
9 substorms using the same relation as Sibeck et al. [1991] found. © ! éow Wing Pfeswe [mpo‘ﬁ 5
It is seen that dawnside magnetopause location at 1R-t®rre-

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 s
electrons will be scattered into a fully isotropic distribution. For

the events where the peak intensity of X-ray emission was foung” ;5
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 1o ‘ ‘ ‘ ‘
that the magnetic field is approximately dipole shaped in the dawn 6 8 10 12 4
region, as extracted from the data set from Isenberg et al. [1982] Subsolar WP [Re]

(see Figure 19 on page 24). Thus we can use the simple relatipp, ;e 18 Estimates of the location of the dawnside magneto-

given by pause for 9 of the substorm events in our data set. (a) Location of
1 the subsolar magnetopause as a function of solar wind pressure.
(16)  Solid line is the measurements from Sibeck et al. [1991] and trian-
gles and crosses are from our data set usindrthdistance as the

which traces the magnetic field line Bt11-13 in the equatorial subsolar magnetopause location (15). (b) Location of the dawnside
plane down ta\=72.4°-73.8° magnetic latitude, which is only 1.5° magnetopause as a function of the subsolar magnetopause location.

poleward of where we observe the X-ray emission for half of théolid line is the measurements from Sibeck et al. [1991] and trian-
events. gle and crosses are from our data set when using the relations for

These candidates of explanations will both be discussed furth@ifferent solar wind pressure conditions given by Sibeck
in Section 5.5 when both X-ray features and in-situ electron mea€t al- [1991].
urements from passes through the region of the morning precipi

tion are examined [Paper 5].

>
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tPéXt of substorm triggering processes and theories proposed to
explain substorm growth phase and expansion phase. We also per-
formed mapping of the X-ray intensity contours along the field
lines into the equatorial plane of the CPS, using a model by
Tsyganenko [1995] in order to identify the source regions of the
One of the events used in the statistical study, i.e., the substognergetic precipitation (see Plate 2 on page 63, Paper 3). The map-
event on December 10, 1996, happened to occur during a tinpéng results were found to be consistent with the in-situ particle
period when Geotail was very well located in the distant tail [-25measurements of injection signatures in the tail (Geotail) and at
2, -2] R; in geocentric solar magnetospheric (GSM) coordinategjeosynchronous orbit (LANL).
in order to observe the substorm evolvement and the occurrence ofDuring the substorm event, which was associated with a weak
reconnection processes. The study which is presented in Papem3gnetic storm that started the day before, two onsets could be
was based on a large data set from many spacecrafts and groidhtified; 1704 UT and 1736 UT. In addition, there was a tran-
based measurements and extensively utilized the opportunitigent energetic precipitation event at 1720 UT. The first onset
given by the International Solar Terrestrial Physics (ISTP) proinvolved predominantly low energy electrons, as this was only
gram. The primary data basis for this study was the High Energseen in UVI LBHL band emission (i.e., electron energies <10
Particle - Low energy particle Detector experiment (HEP-LD) orkeV) while the second also included the energetic electrons, meas-
board the Geotail spacecraft, run in a special plasmoid mode anged by PIXIE rear chamber (electron energies >10keV).
the PIXIE X-ray camera. In addition, magnetic measurements Prior to the substorm onset at 1704 UT the magnetic measure-
from Geotail, UV images from Polar, ground-based magnetitents from Geotail indicated a stretched tail configuration, and
measurements from high-latitude and mid-latitude stations angithough theB, component of the interplanetary magnetic field
particle measurements at geosynchronous orbits (LANL) as weliMF) was close to zero the energy input to the magnetosphere
as solar wind measurements by the Wind satellite were examineglas above the substorm level (318V) [Akasofu, 1981], prima-
The aim of the study was to study the substorm event in the cority due to the large solar wind velocity observed by the Wind sat-

5.3. A study of substorm onset triggering processes, PIXIE
and Geotail
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ellite at that time (see lower panel of Figure 2 on page 59, Papekpands poleward, enhancing at the same time and at the same
3). To estimate the energy input to the magnetosphere at the sliheation as the transient energetic precipitation occurs. The pre-
solar magnetopause the classical Akasbfparameter [Perrault cipitation in the entire region will account for a build up of con-

and Akasofu, 1978] was used ductivity in the ionosphere at different altitudes according to the
energy differences. Such a preconditioning helps the ionosphere to
= sz%ianloz(ergsDS_l) (17) suppqrt anq clpse the field aligned currents resulting from the cur-
2 rent diversion in the magnetosphere.

5.3.3. The Second OnsetThe global PIXIE (and UV)
. X images demonstrate that the breakup at 1736 UT, which includes
IMF, 8 is the clock angle of the IMF, i.eQ = tan’ (|By| / |B/|) for  gpergetic injection and precipitation, takes place on the equator-
B, >0 and® = 180" - tant (|By| / [B]) for B, <0 andlois an empiri- 514 western edge of the existing precipitation area. Although
cally determined scale length for the interaction to occur and 'ﬁlagnetic field line mapping during such disturbed conditions is
usually set to Re. . subject to large uncertainties, the source area of the auroral

5.3.1. Growth Phase Signatures.At 1654 UT a small flux eakun locates to a position well earthward of Geotail, possibly
rope is launched as a result of enhanced reconnection earthwarq: se to geosynchronous orbit (Plate 2 on page 64, Paper 3). The
Geotail (sed; andBy in Plate 1 on page 60, Paper 3), but no otheg ;g magnetic response to the breakup shows significant Pi2
measurements indicate any breakup signature. UV images shoW@sations and the magnetic measurements at mid-latitudes indi-

typical growth phase brightening which may be interpreted as @ jntensification of both the downward and the upward FAC -
response to the reconnection event combined with the existingy |atter moving rapidly duskward.

weak precipitation related to a stretching of the tail and subse- Due to a large negative IMB, prior to this onset a large

quent particle scattering at the earthward boundary of the plasmg, o nt of energy has been transferred into the magnetosphere for
sheet [Sergeev et al., 1983] ~20 minutes prior to this onset. The higher energy input may

5.3.2. Expansion Phase and First OnsetThe first onset ,..qunt for the stronger and more explosive nature of this onset
was identified at 1704 UT from the pulsation measurements ebmpared to the first onset

Sodankyla (Figure 3e on page 61, Paper 3). At the same time a1pe yrrent wedge derived from ground magnetic measure-

larger flux rope passes above Geotail and the UV images (Plate 3 s correlates very well with the features of soft precipitation,

and 3g on page 65, Paper 3) show an azimuthally and northwaggjje the energetic precipitation seem to correlate very well with
expanding bulge. No energetic precipitation is seen in the X-raye injection signatures from Geotail and LANL.
measurements indicating mainly soft precipitation. This was also Although the revised NENL models [e.g., Shiokawa

supported by plasma data from Geotail. This onset may be relatgfl,| '199g] does not rely on any external trigger mechanism, we
to the northward turning IMB; observed at 1648 UT at the Wind e that the IMFB, turns rapidly northward around 1723 UT. The

satellite (Figure 2 on page 59, Paper 3). The time delay of 16 Mifg,o qejay of 13 minutes is in good agreement with the expected
utes is in agreement with the expected time delay of 10 - 16 m”b'ropagation times of solar wind discontinuities.

utes, using methods described by Sergeev et al. [1986] and Kang 374 \echanism for Substorm Onset.The  observations

etal. [1991]. from Geotail are consistent with the interpretation that the sub-

At 1720 UT a transient energetic precipitation event is Seen iy, activity is associated with magnetic reconnection in the
the X-ray images, emerging at the poleward edge of the existing;qtaj plasma sheet (~ 28) prior to both onsets. However, the
UV bulge. The mapping result of the X-ray emission contour i”diPIXIE and UV images combined with the mapping results locate
cates a source region for this precipitation to be tailward of Geqpg goyrce regions for the breakups to the near-Earth region. The
tail. In the UV images, which primarily reflect the softjyiorhretation of the substorm development is illustrated in

precipitation, a quite different development of the substorm 'F:igure 6 on page 67, Paper 3.
seen at this time. Here, the existing bulge continues to expand one model which is consistent with the observations for this
northward and azimuthally. Consistently with the expansion of thg icyjar event is as following; magnetic reconnection occurs
UV features the downward field aligned currents (FACs), inferred iy, gically in the extremely thin plasma sheet in the near-Earth
from magnetic measurements at mid-latitudes [Sergeq4;; and midtail throughout the growth phase. Consequently,
etal., 1996], move eastward, while the upward FAC moves Wesfjasma will be accelerated both in the earthward and tailward
ward, as shown in Figure 5 on page 62, Paper 3. direction at the reconnection site. The fact that the field lines on
_ The early stage of the expansion phase of this substorm emphga ¢4 rthward side connect to the Earth produces an important
sizes very clearly how differently the substorm characteristics arg, mmetry. Unless rapid transport- or loss mechanisms operate,

observed depending on the energy range we examine. The SGffsma ejected earthward will accumulate and the density and
precipitation seen in the global UV images displays an entire subes re gradients will build up. In the unstable conditions caused

storm development, while the energetic precipitation depicted By, yhege parameters, there may be a number of candidates respon-
PIXIE only shows a transient and spatially limited event occurringipe for the current disruption and explosive onset of substorms.

at 1720 UT. The source region for the soft precipitation observeg,, o particular substorm event studied here, changes of the
in the UV images is clearly earthward of Geotail - probably closgi5r wind IME seems to trigger the breakups.

to the inner edge of the plasma sheet, whereas the energetic preg 3 5 conclusion
cipitation maps to a source area tailward of Geotail (Plate 2 on Our main conclusions in Paper 3 are as follows:
page 63, Paper 3). The substorm is neither very intense nor very ; - gjgnatures of magnetic reconnection are observed in the

explosive, and there are no distinct injections at geosynchronoysi il region prior to both onsets. The reconnection occurs spo-
orbit. The low energy input from the solar wind prior to this onse}adically and burst like

can account for the weak and slow nature of this onset. 2. Both onsets are manifested by electron precipitation at glo-
The persisting precipitation area observed in the UV images,| scale, field aligned currents and Pi2 pulsations.

wherev is the bulk speed of the solar winlis the strength of the
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3. The solar wind input energy prior to the first onset was low To calculate the X-ray production from the electron measure-
compared to the second onset. ments from DMSP and NOAA-12 satellites we found that electron
4. The source region of the energetic precipitation during thepectra both at midnight and in the morning sector can well be
first onset is tailward of Geotail while the corresponding sourceepresented by double (or single) exponentials. It should be noted
region for the soft precipitation is well earthward of Geotail. that a Kappa function would probably have been more suitable to
5. The second onset includes both soft and energetic electromspresent the hard tail of the morning side spectrum, as proposed
The difference in solar wind input energy prior to the two eventdy others [e.g., Sharber et al., 1998], but as our X-ray calculation
can probably account for the different nature of the two onsets. procedure only allows exponentials and Maxwellians, we used
6. Both onsets appear to be triggered externally by the nortldlouble exponential fits keeping in mind that the electron fluxes
ward turning of the IMF B might have been slightly underestimated for the high energies. For
7. The source region expands both azimuthally and radiallthe NOAA-12 passes we also compared the directly measured
The expansion is reflected in the precipitation area and grourahergy flux with the energy flux we obtained from the double
magnetic perturbations. exponential fit to the measurements from the two detectors. The
8. The study presented here provides support to many of ttagreement was found to be acceptable as shown in Figure 4 on
key elements of the revised NENL model; Reconnection aroungbhge 85, Paper 5.
25 R generates fast earthward plasma flow which is detected by Based on the assumption of the double exponential representa-
Geotail. We do not have any direct observations of the flow brakion of the electron spectra we calculated the X-ray production
ing and diversion process thought to take place at the boundamjong the satellites trajectory and compared with the directly
between dipolar-like and tail-like magnetic field. In the revisedneasured X rays from PIXIE. The measured X rays along the
NENL model, the FACs are assumed to be a result of this brakingagnetic footprint of the satellite were averaged within a circle
process. The observed Pi2 pulsations may be a consequencendh a diameter of about 500 km and the spatial resolution of the
compressional pulses as postulated by the NENL model, althou@hXIE images from these apogee passes is ~1000 km. However, as
we do not have any observations to confirm this. long as the averaging area is significantly smaller than the spatial
9. The NENL model can not account for all of the observationsesolution of the pinhole camera itself, the resulting spatial resolu-
during the substorm event studied. The explosive nature of thion of the X-ray profiles is basically determined by the spatial
onset and the close relation between the onsets and solar wirgsolution of the camera, i.e., 1000 km. The profiles of the calcu-
changes indicates that some kind of triggering mechanism lated X-ray production from the electron measurements were
involved. Furthermore, individual features like e.g. the transiergmoothed by a running average of 140 seconds (i.e., over 1000 km
precipitation event seen during this particular substorm does natong the satellite orbit) in order to be comparable to the spatial

easily fit into any standard model. resolution of the measured X-ray profiles (i.e., 1000 km). Here it
should be emphasized that the smoothing of electrons can only be
5.4. Derivation of electron spectra from X rays spectra applied along the satellites trajectory and that any structures in the

Motivated by our findings in the statistical study of global X_vicinity of this trajectory will not be detected by the satellites but

ray features [Paper 2] we wanted to study the frequently 0bserv¥‘6” be within the region used to present the X-ray profiles. From

morning maximum of X-ray emission in the morning sector inthe NOAA-12 passes we had some pitch angle information as the

more detail. To do this we search for isolated substorms durirhj|edium Energy Proton and Electron Detector (MEPED) (30keV-

1997, following the same selection criteria as for the statistical1000keV) have two sensors looking at 10" and 80" local zenith

study but also demanding that both the front chamber and the redp9!€s, which correspond to 0°-25" and 65°-95" pitch angle inter-
vals, respectively. Based on these measurements of both trapped

chamber of the PIXIE instrument were operating, in order to pro e : | ; i th h ‘
vide spectral information about the X-ray emission in the morninﬁ‘nd precipitating electrons we were able to identify the region o

sector. We also found it necessary to develop a method for deribc'-otrop_’i_C eI_ectron pr_ecipitation. Assum_ing that the main energy
ing the electron spectra from the X-ray spectra from PIXIE an&""‘pos't'on_'S occurring at ~.1OO km aIutudg the Ios§ cone at the
compare these spectra with directly measured electron speci@ellite altitude of ~850 kmiis found to be within ~50° pitch angle

from low-altitude satellites. We found two isolated substormd” the northern hemisphere (>50° CGM latitude). As t.he. Total
which complied with our constraints, July 31 and September 4. [gnergy Detector (TED) onboard NOAA-12 only looks within the

Paper 4 the first results from the comparison of low-altitude pass@s'25 pitch angle interval and we needed both detectors to estab-

by DMSP and NOAA-12 through the region of morning precipita-“Sh the electron spectrum (from some eV up to ~1000 keV), our

tion are shown and in Paper 5 both the comparison of measur&giculated X rays only represent the X-ray production from the

and derived electron precipitation profiles and spectral charactdPSt field aligned electrons. Any anisotropy giving increasing
istics are shown. electron fluxes towards larger pitch angles, but still within the loss

To examine the properness of our inversion technique from £On€: would therefore result in an underestimate of the X-ray pro-
rays to electrons we wanted to do the comparison both ways, Wct_lon. This is exactly what we observ_ed in the regions of aniso-
comparing calculated X-ray production from measured electrorfoPIC electron_fluxes as can be seen in Figure 5b, 5c and 5d on
with directly measured X rays and by comparing derived electroR29€ 87 and Figure 7b, 7¢ and 7d on page 88. From the measure-
precipitation from the X-ray measurements with directly meas"eNts by the SSJ/4 electrostatic analysers onboard the DMSP sat-
ured electrons. For both these comparison we used the tables pfJileS We only obtain information about the electron spectra <30
vided by a code developed from the transport code by LorendY and at pitch angles <15, yvell within the atmogpherlc loss
[1992]. These tables are calculated for exponential electron spectqne_ as the detector always points toward local zenlth. Based on
tra and yield the angular X-ray production in the upward hemi®U" findings from the NOAA-12 passes we therefore interpreted

sphere (see Section 2.3). As the angular X-ray production is givéﬂe regions of smaller calculated X-ray qu_xes than_directly meas-
in ~10° intervals we were able to take into account the effect d.,lred X-ray fluxes, to correspond to the region of anisotropic fluxes

PIXIE viewing the ionosphere at slant angles. of electron precipitation.
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As discussed in Section 2.3 and Section 5.1 the X-ray measurie X-ray production estimated from the directly measured elec-
ments often suffer from poor statistics when spectral informatiotron distribution. In the region of isotropic electron fluxes the cor-
shall be extracted. To obtain sufficient count rates we thereforespondence was often close to the statistical errors of the X-ray
binned the 63 energy channels of the low energy section of PIXIEheasurements and the discrepancies observed outside this region
into 4 energy bands (channel 20:29, 30:39, 40:49 and 50:59) ametre most probably due to anisotropic electron fluxes at pitch an-
the high energy section of the detector into two energy bandges outside the detectors FOV but still within the atmospheric
(channel 10:15, 16:21). Above channel 21 in the high energy seloss cone.
tion of PIXIE the auroral X rays are contaminated by the fluores- 3. By fitting the X-ray spectra by double or single exponentials
cence peak of Xenon and background noise and were therefare have developed a method of deriving electron spectra and the
not used [Technical Report]. To further improve the statistics wenergy deposition into the ionosphere which corresponds within a
have chosen areas of no less than 6° magnetic latitude and 1 héactor of 2 to the directly measured energy fluxes. When the pitch
MLT sector to obtain the area averaged fluxes in the 6 energngle distribution within the loss cone is not known, energy fluxes
bands. In order to derive a double or single exponential electraterived from in-situ electron measurements can very well be un-
spectrum from the X-ray spectrum we proceeded as follows. Bgerestimated. Thus the energy flux derived from the X rays proba-
minimizing the Chi-squares the single or double electron spebly gives a better estimate of the energy flux deposited in the
trum that may reproduce the observed X-ray spectrum was foundnosphere.

When more than one electron spectrum passed the Chi-square test
we chose the derived electron spectrum that gave the smallésb. The localized morning maximum in the recovery phase

electrqn energy flgx, giving a lower limit of electron energy flux The global images from PIXIE and the time analysis of X-ray
deposited in the ionosphere based on X-ray measurements. {0y res along the auroral zone were used to determine the loca-
quantify the correlation between derived and directly measureg) ., 1q temporal extension of the localized maximum of X-ray
electron spec?ra W? calculated the energy flux from 3 to 100 I(eé,(mission in the morning sector. We therefore know that 3 of the
when comparing with NOAA-12 measurements and from 3 10 3f,\15p satellite passes in the southern hemisphere during the 2
keV when comparing with DMSP measurements, due to the difsents 411 occurred during the early stage or just before the morn-
ferent energy ranges of the detectors. To be in better spatial agr% maximum appeared (see Plate 2 on page 91, Paper 5).
ment with the derived electron spectra from the X-ray ", paper 2 we suggested that either (1) a wave-particle interac-
measurements within the spemfled_area we have used 80 s averggR or (2) scattering due to interaction with the magnetopause
electron spectra for these integrations. The results are shown flght be the mechanism that causes the morning maximum of X-
e.g., Figure 10 and Figure 11 on page 90, Paper 5. ray emission. The spectrograms shown in Plate 2 on page 91,
The results regarding the directly measured energy flux and the; o 5 enaple us to examine these hypothesis in more detail. The
energy flux derived from the X-ray measurements were SUMM@xe rograms are obtained from passes through the region of
rized in F!gure 12 on page 92, Paper 5’, €., from 8 passes ® froI'EE]CaIized X-ray emission prior to and during the very beginning of
the morning sector and 3 from the midnight sector) during thgyis morning maximum. In all the three panels we can identify a
substorm event_s of July 31 and September 4. Compared to tBF‘oad peak in the energy range 2-10 keV at rather low latitudes
energy flux derived from X rays, the energy fluxes from DMSF_g4°_gg°) \which corresponds to the location of the observed X
measurements were found to be systematically underestimatq—,\gys The observation of this broad peak at ~2-10 keV in the
The energy fluxes measured by NOAA-12 did not show that tefy\1sp gata during these two events excludes some of the pro-
der!cy but were in very 900d agrgemer_lt with the e_nergy flufSosed mechanism for the morning maximum of X-ray emission.
derived from PIXIE. The discrepancies might be explained by the | 1o morning maximum observed during these two event
lack O_f pitch angle |_nformat|or_1 from t_he DMSP and thus W? m'g'_“can not be explained by the scattering of electrons at the magneto-
h_ave included regions of anisotropic electron fluxes which Wl|bause‘ as the X-ray emission (as well as the broad peak in the elec-
give more X rays than can be produced by the electrons measuiggl, gpectrograms) is observed well below 70° CGM latitude and

by DMSP. A similar comparison of PIXIE data and DMSP elec-,nqequently the field lines are probably well within the magneto-
tron measurements presented by Anderson etal. [1998] whi use.

generally were found to correlate very well, does also show some 2. The broadness of the peak indicates no monoenergetic

regions of discrepancies by a factor of ~3, which may b‘Beam, a signature which is usually related to arcs and inverted V

explained by the presence of anisotropic electron fluxes. We CoBgents in the pre-midnight sector caused by parallel electric fields
clude that the derived electron energy spectra from PIXIE seem 194 unlikely to be observed at the dawnside

give rather good estimates of the energy deposition into the i0no- 3 1he broad peak is observed too early to be caused by a
sphere. However, when the energy fluxes are _derlved from eleﬁfechanism triggered by the drifting electrons from the injected
tron measurements at small pitch angles, as Is the case for t|!)1§rticles in the substorm onset region near midnight. For the Sep-
DM_SP mt_easurements, they./ can easily be underestimated. To SYRkher 4 event the broad peak is present both at passes prior to
marize this part of Paper 5: and after the onset of the localized morning maximum but varies

1. In order to calculate the X-ray production from electron, jyiensity. This does not prevent the arrival of drifting electrons
spectra we found that the sum of two exponentials may represeftincrease the effect of the mechanism

the electron spectra fairly well both in the midnight and the morn- However, the broad peak may be consistently interpreted as
ing sector. In the very high energy range of the electron measur; X

) . €aused by a wave-particle interaction which is more or less contin-
ments a Kappa function would probably have made a better fit, bHBust present in the morning region and that the strength of the

the uncertainties introduced by using the exponentials are probigz,.eqs depends on the anisotropic fluxes of electrons. The shape

bly very small as the fluxes at these high energies are very low. ot yhe ghserved spectra in our study indicates that the wave-parti-
2. Through the region of localized maximum we found good,je interaction acts on electrons down to a few keV (see also

spatial and quantitative correlation between observed X rays a'?—‘?gure 10 and Figure 11 on page 90, Paper 5). Then we arrive at a
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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- a
mined solely on the flux level, i.e., if the flux exceeds the thresh- Sols Line: B/(5 7 1) 0/
old for the instability to work. This threshold is known as the 1000 005 @
maximum stable limit for fluxes of trapped energetic electronsz’

Lower limit of ressonant energy (E_ )

X
vl Lol 1

X N

F % X
proposed by Kennel and Petscek [1966]. However, Jentsch [1976] 10.0¢ Xi e
has shown that an anisotropy is established without introducing” E » 3
the loss cone and the conclusion may therefore be modified at this E Doshed Line: 8/(8 7 N) 876" (1-w/0)?

point, as will be discussed below. When the electron cloud o
injected at substorm onset enters this region the wave-particle 2 4 6 &
interaction increases and will go on as long as there are sufficient
fluxes of anisotropic trapped electrons. The September 4 event 10°
occurred in the recovery phase of a magnetic storm and it is there- 10*
fore likely that there existed sufficient trapped electron fluxes fromm‘g 103
previous magnetic activity for the wave-particle interaction to> 2
work. The July 31 event took place after a long quiet period ands
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 energiesz | = '/, mv?, wherey, is
the resonant parallel velocity component. The resonance condition
for parallel propagating waves, linear approximation is given by—

o

Cold plasma density
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(22}
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(18) and, when all terms are used, by (19). o 3 S E
_ BZ Q [ E
ol = Bma (18) r \
4 S5 6 7 8
L—value
_ Bon of 19)  Fi
ol = Eme ol Figure 19. Measurements from Isenberg et al. [1982] plotted as a

function of radial distance. In all panels the diamonds indicates the

whereB is the magnetic field strength,is the electron densitgy ~ Values identified by Isenberg et al. [1982] and the crosses are the
is the wave frequency ar@ is the electron gyro frequencwis  values identified by us. (a) The lower energy level of electrons
usually found to be %,Q, which lower the parallel resonant (Ec ) that interact with VLF waves. Solid line shows the profile
energy by a factor of 8 compared to the linear approximation oftef@lculated by Lyons and Williams [1984]. (b) Densities inferred
used (18). Modelling of wave growth-rates based on Kennel arfiom (19). Solid line is the density profile used by Lyons and
Petscek [1966], which can account for the observed features ha{élliams [1984] for the profile in (a). (c) The magnetic measure-
been performed by Jentsch [1976] usimglO cni3 and electron Ments onboard the SCATHA satellite. Solid line is the simple di-
energies >40keV. The electron energy was partly chosen to avdi@le field strength.

the effect of the convective electric field on the electron drift tra- ¢ thi dv. Th i . . h
jectories and his results do not exclude lower electron energies Ryrpose of this study. The satellite was in a quasi-geosynchronous

be involved in the wave-particle interaction. He performed his calc-’rb't an?z equ!pped with Ia nulmber ofdpart_lgle_ ano! wahve expert-
culations of wave growth rates for 3 different magnetic field mod-ment":"f xa;nzlnlng 1ang|;(u\e}r ede(\:;rLanf Istri ut_lonfln ! e4energy
els and it should be noticed that the most realistic magnetic fiel@nge from t0 81.5 keV an ) requencies from 0.4 to 3'(.)
model, i.e., a model by Mead [1964] resulted in a maximum ani<Hz they found that the dawnside chorus between 5.3 <L<7.8 is

sotropy and a maximum wave growth around 5-9 MLT Wh”egenerated by substorm-injected, anisotropic fluxes of electrons

introducing a convective electric field tended to shift the maxi-WIth energies between 10 keV and 100 keV. Taking into account

mum anisotropy towards noon. As he used an isotropic electréﬂe pitch angle d_istributi_on of_the electrons, the observed waves
distribution to model the injected electrons and no loss mechanisfi’ v_e_ry_well be interacting with electrons down to_ ~4-20 keVin
were introduced, the anisotropic electron fluxes solely resultet(lflIe vicinity of the loss cone. It shoulq also be noticed that wave
from the different drift velocities for electrons at different pitch measurements >3kHz were not available and consequently they
angles in the magnetic and the electric field, i.e., no loss cone wHéYe no measurements that could have been correlat.ed with the
needed to obtain the anisotropic fluxes. In a survey study of EL |sotrop|c elegtron fluxes at even lower electron energies. In thelr
VLF waves at geosynchronous orbit Parrot and Gaye [199 ata, anisotropic fluxes are clearly seen down to 12.1 keV, which

reported that chorus of 400-700 Hz show a distinct peak betwed _the_ IOWG_St channel they ShOW.' Depen_ding on the pi_tch angle dis-
6-9 MLT. tribution this may well be consistent with waves acting on elec-

Simultaneous measurements of VLF waves and the angulgpnsI dgwnhto ahfew kedV itr; thle vi(t:)inity of trllellgzszcone.l We may
distribution of electron fluxes in the morning sector are scarce, pGPnciude that ,t e study by Isenberg .eta.[ ] part.y §upport
a study by Isenberg et al. [1982] based on measurements from r interpretation of the broad peak in the electron distribution

P78-2 (SCATHA) satellite reports some interesting results for th@ sc_arveql by DMSP to b(.e caused by the scattering du_e to wave-
particle interaction. In Figure 19 we have plotted their data to
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show how well they confirm the wave-particle interaction concepphase of the substorm. Wave-particle interaction is the mechanism
Figure 19a showg, | as a function of radial distance, Figure 19bthat may explain the precipitation.

shows the derived density using (19) and Figure 19¢ shows the 5. In contrast to the electron energy derivation based on meas-
magnetic field strength. In Figures 19a and 19b the correspondingements at other wavelengths X-ray measurements provide the
profiles calculated by Lyons and Williams [1984] are shown bypossibility to derive multi-parameter energy characteristics about
solid lines and in Figure 19c the solid line shows the simple dipoléhe electron precipitation. While other remote sensing techniques
field strength. Lyons and Williams [1984] used the simple dipoleare contaminated by sunlight or sunlight generated emissions
field strength and the density profile from Figure 19b to calculatédayglow) the X rays can be detected both at daytime and night-
the profile in Figure 19a. The diamonds show the data listed itime. Thus X rays are found to be favourable in estimating the glo-
Table 2 from Isenberg et al. [1982] and the crosses show the vdlal energy input into the ionosphere. Compared to the
ues we have determined ourselves from their plots showing simuincertainties regarding energy input estimated from in-situ elec-
taneously anisotropic fluxes in specific energies of electrons aritbn measurements when the angular distribution is not known the
wave growth at specific frequencies. derivation of the energy input from X rays will reflect the energy

From this part of Paper 5 we summarize: input at all pitch angles.

1. The electron energy spectra observed prior to, at the initial 6. The main problem with the remote sensing technique of X
stage of, and after the localized morning maximum of X-rayays is the poor counting statistics which forces either the tempo-
strongly indicates that the wave-particle interaction is the mairal or the spatial resolution to suffer. However, by integrating
mechanism for the enhancements observed. properly defined areas the time resolution can be as good as 30 s,

2. VLF-waves are probably excited more or less continuouslwhich is comparable with the measurements at other wavelengths.
by quasi-trapped anisotropic fluxes of electrons from tens of keV The analysis of the PIXIE data set has so far resulted in some
up to hundreds of keV and the wave growth are further raised ljyublished paper but the data set covering more than three years of
the arrival of the injected anisotropic fluxes injected at midnightontinuously measurements has a large potential to reveal infor-
drifted into the morning sector. As Jentsch [1976] has shown, theation about the dynamics during storms and substorm. Some
anisotropy of unstably quasi-trapped electrons will result from thebvious issues to address are:
different drift velocities of electrons at different pitch angles and 1. To calculate the global energy input based on the X-ray
is significantly affected by the magnetic field configuration andneasurements of the entire auroral oval.
the presence of any increased electric field. The loss cone will lead 2. Comparison studies with energy input derived from other
to an even stronger anisotropy. The instability and the strength afavelengths can be used to evaluate the available inversion tech-
wave-particle interaction is therefore determined mainly by theiques on a global scale.
flux level. If the fluxes of electrons exceed the maximum stable 3. Comparison study with cosmic radio absorption, which has
limit for fluxes of trapped energetic electrons energy are transhe electron density profiles (derived from electron spectra) as
ferred from the electrons to the waves and the wave growth wilhput.
act back on the electrons and effectively scatter them into the loss 4. The total amount of energy deposited into the ionosphere
cone [Kennel and Petscek, 1966; Jelly and Brice, 1967]. As loncan be correlated with the energy transferred into the magneto-
as there is sufficient fluxes of trapped anisotropic electrons ttephere (the parameter) to examine the portion of the total energy
process will go on and thus can account for the prolonged maxinat enters the ionosphere.
mum observed. The results presented in this thesis have hopefully emphasized

3. Previous simultaneous measurements of anisotropic eldatat the remote sensing of X rays is a very strong tool to obtain
tron fluxes and VLF waves give some support for the presence offormation about the energy transfer through precipitating elec-
VLF waves which are able to act upon electrons of energies dowvtrons into the ionosphere. By performing new X-ray experiments
to just a few keV. utilizing new technology to improve the spatial resolution of X-
ray imaging even better estimates of energy transfer into the iono-
6. Conclusion and further study sphere could be made.
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