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Abstract

Energy spectra of precipitating electrons are fitted to the sum of three
distributions, a power law, a Maxwellian and a Gaussian. This fitting pro-
cedure determines seven parameters which characterize the essential features
of each spectrum. These characteristic parameters are used to carry: out
various studies involving precipitating electrons. It is shown that the absence
of the power-law population from a particular spectrum is related to the soft-
ness of the precipitating primary flux, that the Mexwellian temperaturé and the
Gaus:ian pezk energy have & positive correlztion the stremgzh of which varies
with loczl time, that the upwaré moving Gzussizn population has 2 loss cone
éistribution, zné that the one-cimensional velocity distribution parallel to the

ragnetic field occasionzlly éisplavs & plateat or 2 hump on the teil.
X P-&)
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I. Introduction

The precipitation of charged particles at high latitudes represents one
of the most inter:sting phenomena occurring in the ionosphere, because of the
many interactions which these particles have undergone and which influeace the
shape of their spectra. A careful study of the characteristic features of their
spectra is of special importance because those features represent the sign-ture
&f their region of origin and of their accelerztion mechznism and therefore
contzin infoimation about physical processes occurring large distance§ avay from
the point of observation, frequently even deep in the magnetosphere. In additionm,
the precipitztion spectrur determines the éffect of the particles oa the local
ionosphere, such &s ionization, emission of light, heating and the excitation
of plesma instabilities.

Since the zévent of in-situ measurements »y instruments onboaré space
vericles probably huncrecds cf.millions-of precipiteting electron spectra have
been obtzined ané duly sto:ed‘on tzpe. Much veluzble information contained in
those spectrz remzins to be extracted. One practical wey to deal with such
a large date base is to associate with each spectrun & limited number of charac-
teristic parzmeters anc to base the study of the physics of precipitating elec-
trons on those pzrameters. Obviously the choice of such characteristic parameters
is critical for %hey must contain the important physiczl information carried by
each spectrunm. The parameterizztion of the electron fluxes lemnds itself not only
to the interpretation o% ‘already existing dztz but can alsc be usefully included
in the reduction of data currently being collected. The parzmeters of the va?iﬁus

populztions tell the investigator immedistely the charzcteristic feztures of the

observed spectra.

It is the purpose of this paper to cescride a2 method for obtaining such a set

of parameters for each spectrum ané then tc report the results ol some studies.
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The basis for this method is the recognitica that tﬁg observed fluxes
generally represent the superposition of several different populations and
that each of these populations can be described in terms of certain character-
istic parameters of an analytic function which is fitted to the obsefved fluxes.

This has been done before by other investigatovs [e.g. Frank and Ackerson,

1971; Buzch et al., 1976; Lin and Hoffman, 1979). To our knowledge, hcwever,

no srystematic effort has .so far been made to perameterize large numbers of
specire on a production basis by means of z cormziterized fitting procedure

and o use the parzmeters for inmvestigations of the physiczl processes under- '
gcne b the fluxes.

I= Section II the znzlyiic expressior selected by us is discusseé. The

(2 1)

uz zre deterzineé dy the fi: of
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cherecteristic parzmeters of each flux spe
s2ié anelytic function to the meessured speszruz. The computerized Iitting
pfocedure is driefly describe;c‘ 1: Appendix I. Iz Section III some ci the
present studies are brieflly described. Section IV contains a summary of

the results.



II. Analytic Representation of Electron Energy Spectra

It has been pointed out in Section I that in order for a parametric repre-
sentation of precipitation fluxes to be useful it is necessary that the selected
parameters contain the important physical information carriéd by each spectrum.
Based partly on earlier work by other authors ané after extensive triagls involving
various different models we came to the conclusion that the electron ;peccrt
investigated by us so far can best be represented as a superposition'qi three

populations given by the following expression:

E,
ms)alz e +Ehe (1)

8(E) = aE % + Cn

(1)
¢+ P 40

-1/2 _=3/2
™

Eere C = (Zme) is ¢ known constant ané 2, ¢, n, T , A, Eo, ané & ere

the parameters determined by the particular shepe of each spectrum. The first term
represents the well-known powe;-law spectrur which generzlly describes the combined
backscattered and secondary electrons. Most of the electrons in the energy

range from 200eV (the lowest energy measured by the Low Enmergy Electron Analyzer
onboard the 4:-D satellite) to lkeV frequently Zall inte this category. The

second term is a Maxwellian with temperature T, while the third terz ..
represents a non-Maxwellian peek ¢f Gzussian shzpe. Such peaks are cheracteristic
of inverted-V spectra. The Gaussian distributioa which has not been used in
earlier works was introduced because the Maxwellian distribution gave only poor
agreement with spectra containing nezr-monoenergetic peaks. If a2 Maxwellian fit
were used for such speuctre, the error uaé'ﬁoasistently large- than for spectra
without such pezks. The details of the fitting procedure zare gresented in
Appenaix I. The znzly:tic expression given by ecuation (1) is not necessarily

the optimum model for zll emergy ranges, altituces or even instrumeats. We are

continuing to test different models (for exemple, to allow for two maxima).

o v




The three populations vhich make up the resultant energy spectrum are believed
to represent different physical processes undergone by the respective electroms.
For example, the Gaussian t;rm may be the result of s magnetic-field-aligned
electric field accelerating the electrons into a near-monoenergetic beam. It is
therefore logical to investigate the pruperties of such fields in terms of the
parameters associated with the Geussian rasther than in terms of the total flux.
Similarly, other investigations are best carried out by studying the properties
of the individual populations, including of course any correlations between fhem. ;

Figures le and 1b show two examples both ¢f which have Gaussian peaks. - :
Yet, &s these exazmples incdiczte, each of the three populations of equetion (1)

is not necessarily represented in every spectriz. The rezson for the presence

T

(or zbsence) of any of the three populatiens mey shed lizht on the origin of

FrEae,

the precipiteting electrons and zlso on the interacticns they have undergone.

Figure la Zs 2 typical aurorel spectrum, while the spectrum of Tigure 1bd elmost

e R SR LT

looks like ¢ mzgnetcshezth spectrum, both as regards its shape as well 2s the
value of the pezk energr. Since the zltitude of the spacecraf. was at 620 km,
the spacecrzft was obviously not in the mzgnetoshesth. However, Fester and

Burrows [1€77] have recently proposed that magnetosheath plasme, after pene-

trating to low a2ltitudes inside the cleft, could diffuse to adjacent field lines,

theieby contributing to the polar rain. Figure lc shows the case of a spectrum
which consists of 2 power~-law ané 2 Maxwellizn populztion, but no Gaussian con-
tribution. ' |
The expression for the error, given in 4ppeadix I, gives zn upper bound of
the mean scguere error o the logaerithmic élux. In the ves: ma2jority of cases,
this is of the order of 10-2 or even less. Tae highest vzlues encountered by

. : c -1 : rees -
us so Sar in a2 few exazmples are of the order of 3x10 ~. fonsiéering this worst




case, the upper bound of the root mean square error is then 5.5 x 107!, This
quant ity would have to be compared with the smallest values cof tke logarithmic

fluxes which are of the order of 4. Hence, we conclude that our analytical fit

is remarkably good.



I;l. Applications of the Characteristic Parameters

The examples reported in this section are based on data from the inverted-V
events observed by the Low Energy Electron Analyzer (LEE) onboard the AE-D
satellite. We have included 10s of data on either side of.;ach inverted-V event.
The 1list of inverted-V events was compiled by C. S. Lin (privete communication)
based on an analysis of the electron spectrogr#as.

There vere two LEE detectors on the AZ-D sztellite, one &t an angle of 7°
with respect to the satellite axis and the other at an angle of 60°. The angles
of the two detectors with respect to the geomagaetic field varied cf course over
an orbit. The flux component pzrallel to the geomagnetic field, however, was
alwvays the dominant one of the 7° detectos, while the perpendiculzr component
renmaineé dominznt for the flux measured by the 60° detector. Therefore, for
purposes of idéntification, quantities relzting to the 7° cdetector will be
designated by the subscripty ané those relating to the 6C° detector by the
subscript, .

a) Some Properties of the Power-law Populztior

One characteristic feature of the polar cep spectrs is that in general
they do not contain the power-law populstion &t energies measvred by the LEZ
instrument, i.e., above 200eV [c.f., Foster ané Burrows, 1977]. The reason .
is evidently the softness of the precipitering primary flux. Based on & simple
model of a constant field-aligned upward directec electric field zbove the
satelliite Evans [1974] ﬁaé shown that the low esergy down-streacing power-law
poprlation represents degraded backscattered primzry electromns ané secondary
electrons which have been reflec:zed downwéré by this electric field. This

interpretation has been confirmec¢ Dy the mere rigerous treatment of Stammes

izeting primerr beax with

pt]

[1978, 1981]. The latter has shown thet fcr z ;reci

Geussian energy spectrum peaked zt 500 eV the power-law spectriz lies below
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about 120 eV which would make it invigible to the LEE instrument. Eence, the
absence of the power-lav populstion from the LEE spectrum can be considered a
signature of soft primary precipitation characteristic of the polar rain. This
is confirmed by Figures 2 and 3 in which the average pezk energy of the Gaussian
population and the average temperature of the Maxwellian with and without a
powver-lsw component are comered as functions of latitude at severzl local time
sectors. The figures clearly show two interesting properties. The average peak
energies and the average temperztures of the fluxes with power-law components
are ccasistently higher than those without power-law componer:s. Seconily, both
the prak energy and the temperature hzve z minimum I the latitude range between
80° and 85° with the exception c¢f the temperatures in the moer (10.3 - 13.5 hrs)
ané afternoon (13.5 - 16.5 hrs) sectors. The slight increase in the mean velue
of T“ toward the top lztitude range in those twvo time sectors is &s vet unexplained.

Table 1 lists the average za¢ meximum vzlves of the Gzussian peak energies
and of the te@peraturés seperately fer the fluxes with and without power-law
populations. Béth the average azné meximee values of the pezk energies and of the
temperatures of th;'fluxes without power-iasw populations zre significantly lower
than those of the fluxes with power-law po;ula:ion;. This is true of both the
parallel ané perpendiculer components.

Figure &4 shows the average vzlue of the power-law exponeat ¢ for eight
locel time sectors, for both the parzllel ané perpendicular fluxes. In most
cases the magnitude of a £as 2 caximum in the B0-85° latitude intervel,
indicating that the rate zt which the power-law spectrur fezlls off generally
increases towarc higher latitudes. If the power-law population is made up of
secondary and backscattered elecirons, this behavior of ¢ is conmsisient with the

increasing scftness of the primery flux pcleward of the asurorezl 2zone.
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b) Loss Cone Distribution of the Gaussian Beams

“he Atmosphere Explorer satellites have the capability either to spin about
an axis vhich is mostly perpendicular to the geomagnetic field or to fly despun
as determined by groutd command [Spencer et al., 1973). The spianing orbits
provide an opportunity for an investigation of the pitch angle varht.ion of the
various parameters. Figures 5 and 6 show a few examples of che pitch angle
variations cf the energy Eo and the temperature 1. These figures shé;a
some interesting features. Because of the invariance of the magnetic moment all
the dowrward hemispheres (0° < ¢ < 90°) are filled with Gaussian fluxes at thése
relatively low altitudes. The upwerd streaxing fluxes have Gaussian populations
in the pitch angle ramge from 90° to zbout 110° (in some cases even to larger
values) ané no Gaussian fiuxes bevoné, «hich is typiczl of loss ccae distributions.
Most of the downwardé strezming Gzussian fluxes are very nearly isotropic.
Because of the loss 2ene éist;ibu:ion of the upward streaming Gaussian beams they
car be assumed to comsist of mirrored par:ticles. It would therefore be of special
interest to know the zpex angle of the loss cone at the satellite 2ltitude (#nd
thus at 211 other a2ltitudes). Unfortunately, this angle is ¢ifficult to determine
from the data because the LEE spectrometer mezsures one specirum per second, i.e.,'
one spectrum only about every 25° of pitch angle. Hence, the data merely p:ovide'
upper bounés of the apex angle (obtzined from the largest pitch angle at which a
Gaussian population has been observed) and lower bounds (obtzined {rom the next
larger pitch angle). Table 2 lists the mirror altitudes corresponding to both of
these angles from date of AE-D nrbit €35. The mirror points of most of the lower
bounds lie telow the surface of the earth ané therefore provide no useful informa-
tion. “he lownert vpper bound occurs at 127 kz. Since the beam energy for this
particular case is 2.35 keV, this 2ltitude is clese to where electrons of that

energy are collisionally absorbed by the atmosphere [see e.g., Banks et 21., 1974].
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Hence, the apex angle of the loss cone of a 2.35 keV bean is indeed close to
115° at the altitude of 567 \m (for an apex angle of 114° the mirroring altitude
1s 162 km - too high for collisional absorption of 2.35 keV electrons).

Figure 6 shows that the teﬁpetatures over the downward hemigphere (6 < 90°)
and outside the loss cone of the upward hemisphere (90 < 6 < 110 appr.) are
either isotropic or vary only slightly with pitéh angle. Inside the loss cone
the temperatures of the Maxwellian populations decrease (thus becozing highly
anisotropic) with the minimum occurring parallel o the field line. The ratio
of T, down/.!.“ YF can be as large as 2 (and sometimes even larger).
c¢) Correlation Between the Gaussien Pezk Enerzy EP ané the Temperzture T

The energy at the maximum of the Gaussian éistribution appearing in equation

1) is given by
E =1/2 (E + B 2+ 222 ).
P o o

4 correlation apalysis of T and Ep has been performend, ancd the results are
summarizgd in Tables 32 and 3b. The correlation coefficients listeé in Table
3e heve been calcu.la.ted separately for esch cell in magnetic local time and
invariant lztitude, while the coefficients listedé in Table 3b have been cal-
culated for each magnetic local time sector for all latitudes above 6C°. This
breakdown is presented to study whether the correlation cdepends in some sig-
nificant way on the magnetospheric region of origin of the fluxes. As the
tables indiczte, the correlation has 2 maximur during dasytime and fells off
toward the night. The fluxes carried by the Gsussian populations behave in 2
very similar way, i.e., the averazge Gaussian fluxes (averzged over the lifetize
of AE-D) have 2 maximur during daytime ané decrezse toward the night in 21l
latitude intervels. Therefore, as the intensity of the Gaussian fiuxes de-

cresses, their influence on the temperature declines compared with other mecha-

nisms.

e ol RO



The linear relsation between T and .the peak enetgy.!y for all.local times
end latitudos has heen obtained hy a8 regressicn analysis which yields

- . . 2 E .
T.L 0563*.045"?_[,
The standard error of the regression coefficieat is 0.0086 for the parallel
component and 0.0072 fer the perpendicula: one. 45% of the variance of T)|
‘ 59% of ti £ T, is explained by E_ . ' ;
is explzineé by Ep", &nd of the variance ¢I T, is exp ¥ Py
Busch et 21. [2976] have anticipzted the correlation between ZP ané T based
oz aer. examination of z smell sexple of spectre. 1in an: Koffman [187¢°
performed regression znalyses separately foT each inverzeé~V event. They

ob=ecineé 2 set of values for the slope centerel around z velue of 0.2 which

4s hzlf of our value. The reason for this Ciscrepancy is believed te be due

et

to the different definitions of T used by the two groups.
Severzl years ago Wneier and McDizrmié 11¢72] suggested that t’nere' na§ de

2 distributed source of cold electrons :h:oug'nou:;ihe accelerztien region.
The bear which has fzllen through the entire potentizl érop would them act as T
2 bezt source of the lower emergy population through collective effects [see i

for example, Shapiro, 1963), thus resultimg ir & correlztion between the

s

pezk energy ancé the tz::pe":ature of the Mexwellian populztion travelling pazellel

to the beam. Those Mzxwellian particles travelling upwaré inside the loss cone,
on the other hané, have probabdbly beex scattered up by the acbient electrons or
ions 2né have thereby been cooled. Since the h.zt transier rate cdue to this
mech&im ie propertional to the flux intensitr of the beam, it is therefore
2lso coasistent with the reducec correlzticz detween T and EP observed during

nighttine as discussec above.




d) Some Properties of the One-Dimensional Velocity Distribution

The shape of the one-dimensional electron velocity distribution is of
special interest for plasma physical reasons. In particular, if there is
a hump on its tail, the plasma may be unstable. If the hump is being steadily
supplied with new particles, then the instability can saturate at l;zbn-
equilibrium quasi-steady state of plasma turbulence which leads to anomalous
transport effects. |

The existence of such effects has recently been deduced from stormtime
data 4in the aurorzl zone [Fontheim et 2l1., 1¢7€]. Another interesting consequence

of plasma turbulence: is the emission of & characteristic spectrum of electrostatic

and electromagnetic waves. The one-dimensional distribution is defined as
P
b3 s )
Hv,) =] dvx.,c]vy z(vx, ‘y’ vz).
|-

where f(vx, vy, vz) is the three-dimensional velocity distribution. For many

e AR Ak B

applications the éistribution of interest is the one-dimensional velocity distri-

bution parzllel to the geomagnetic field Eo which is given by

T .

a¥fdv v, v, , v, ¥ (2)

) = '

F(v

D —8

O~

i

vhere V¥ is the azimuth in the plane perpendiculer to go' The formz! dependance
of f(v", VR ¥) on the 2zimuth Y is included for gemerality. In most reel

situations the éistribusion is expected to be crlindrically syametric about So'

i s e el e

Kaufmann and collzborztors [Kaufmenn et zl., 1976, 1978a,b; Kaufmzna, 1980) have

eretals:

discussed the significance of the one-dimensionzl éistribution function in great
detail and herve z2lso examined the compatibility of their observed éistributions

with various azccelerztion mechanisms.
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Unfortunately, most instruments do not pmeasure the three-dimensicnal velocity
distribution. The usually observed quantity is the flux as a function of enmergy

E in a solid angle element about a given direction, {i.e.,

®(E, 6, ¥) dE sin6dedy .

- I.’1. -
vhere ¢(E, €, ¥) has the dimensions (length) 2 (time) ™ (energy) ! (solid mgle)'1
and vhere S is the pitch angle. The desired three-dimensional velocity distri-

bution £(v,, v,, ¥) is related to the flux ¢(E, 8, ¥) by the expression

mv

2 oy av e

r ':l
f(V"Q V_L, ‘E‘) \lév”dv d? = Q(-, e, ,) - -L
vt + v ¢

4 v

mv
= (S, &, V) — év.dv.ay (3)
- -9 2 " J.- .

2

()

vhere f(y“ s Vi ¥) has the dimensions (lexgt®)™® (velocity)™®. 1Ir using this
expression fer £(v, , v,, ¥) in the cazlculzzien of the one-dimensionzl distribution
F(v,,) the flux ¢(E, €, ¥) has to be understoocd in the sense that the parzmeters
entering into ¢(E, €, ¥), as given by equation (1), must be considered to be
functions of the pitch angle 6.

 The integration appearing in equation (2) is carried out numericelly. While
the lower limit of the iﬁtegration over v, caz be tzken 25 zero as required (since
the integrand vanishes at v, = 0 according to eyiation 3), the upper limit of

the numericzl integration is restricted to the largest vaiue of v; for which 2

flux measurement exists for a fixed v, which is given by

N ° R %
(V-L)max = MIN Iv“ tan € , (2’-;3;;’“",,2) ],

RO




where 9“ is the closest pitch angle to 90° at which a spectrum was measured
and gnax is the maximum energy the instrument detects (20 keV in the case of
the LEE).

1f (m/2) v"2 < MAX (E_, T,), then most of the contributions to the
integral in equation (2), with the integrand given by (3) and (1), come from
the energy range in the neighborhood of Eo and T. Since the integrand
decreases exponentially with E for E> MAX (Eo, Tb) » the error introduced in

the integral by leaving out the interval above (v_‘_')m ax is negligible provided
n 2 2 -
2 [(‘:J.)max + vy ] >> MAX (Eo, .

Ifm v 272 5 MAX ('EO, T), then the error is negligitle provided

]
Boreov )2 .
2 [(l)max + vy

The numericzl integration of equatioz (2) has to be czrried out for each
value of TR The largest value of v” for which F(v“) has been computed is
6 x 10° cm/s which corresponds to an electron emergy of 10 keV. The range

0<wv < (‘_’_L)ma.z is divided into 100 equidistan: intervals resulting in 2 set

WV,

L—.
of ‘.'.Lk'
of vy

entering into the flux expression (1) are obtzined by linear interpolation

Tor any fixed value of v 1l the pitch zngles corresponding to the set
-1 Lk
a2re given by Gk = tan ! e ané the values of the seven pzrameters

betweer their fitted values at the pitch angles at which the flux has been mea~
sureé. The velue of the integrand is then cealculated at each Y.Lk with the
energy given by (m/2)(v | '2 + Y kz) . Thus the numericzl integration appearing
in eguztion (2) can be carried out with the integrend given by equztion (3).
This integration must of course be repeateé¢ for z series of values of v” to

obtein F(v, l*) in the desired range of its arguzent.

et g g S St e S e
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In order to get good coverage from a range of values of v, for the
integrel in equation (2) the one-dimensional distribution function F(vy)
must be calculated from spinning orbits by using data from both LEE
instruments. Since therr: were only relatively few spinniné orbits of AE-D,
it was only possible to obtain a limited number of one-dimensional éistri-
bution functions. Some examples of different cases are presented in Figures
7 through 10. TFigure 7 shows a hig' velocity tail of a completely sfable
distributiou. TFigures 8 and 9 are two examples of plateau formation indicating
the existence of an instability at a2 prior time, and Figure 10 shows a hkump.

An important specizl case exists when the three~dimensionzl velocity distri-
bution I(v,, ., v, ¥) is sphericslly svmmetric, i.e., if it depends on the velocity
components v;, ané v, only through vy, %+ v 2. It is well known thar if a
three-dimensional velocity distribution is sphericelly symmetric (or isotropic),
then the one-dimensional distribdution 2s defined zbove can have at most one
maximup ané this is located aé v = 0, irrespective of the shape of the three-
dimensionzl éistribution. Thus & hump or the tzil of the one-dimensional
velocity distribution is autometically excluded if the three-dimensionel distri-
bution is sphericzlly symmetric, even if the three-dimensionazl distribution has
2 hump zs 2 function of enmergy. Although this is 2 well known property of N
distribution functions, & brief proof of this theorem will be presented in
Appendix II because of the importance of this property for electron precipitation
fluxes. |

4s is indicated in Figure 5, the hump in the energy distribution may be
isotropic over the downwarcd hemisphere. %he ebove mentioned property of
sphericzlly svmmetric three-dimensionzl éistridutions’ applies separately to
v 3 0 en¢ v, < 0, an¢ therefore the one-Cimensional velocity distribution has

| }

no peck on the dowaward tzil. Since 31l spectrz examined by us have pitch angle

distributions similar to that shown in Figure 5, it mey be generally true that
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at low altitudes the one-dimensional velocity distributions of precipitating
electrons generally do not have a hump on the high velocity tail. This is
expected to be the case at altitudes below some critical alfitude z, at wvhich
the beam particles with the largest pitch angles first start to mirror.
Hemispherical isotropy is also the reason why Kaufmann et al. [1978aib] did
not detect any secondary peaks, aside from a2 few exceptioms.

As has been mentioned above, the existence of 2 hump on the tail of the
one-dimensional distribution function may give rise to a2 plasma in;:ability vhich,
accoréding to quasilinear plasmz theory, has the ;ffect of flattening the peak
into & plateau on the tzil of the cistribution. Papadopoulos anéd Coifey [1974e],
howev:s, have shown thzt under certein cenditiong & parzzetric inmstability
is excited, the so-czlled oscilleting two-strezz instabiliity. This instability
has the effect of transferring weve energy out of the wave regime c¢f phase
velocizies nesr the beam velocity (cecrresponding to frequencies nezr the plasma
freguency) into the regime cf much lower frecuency iom fluctuations. This limits
the growth of wave amplitudes of those waves with phzse velocities near the beam
velocity which strdngly interasct with the tea=. &s a res:ult the bezz is stabilized

2gzinst guasilineasr éiffusion. 4Accoréing to Papadoboulos and Coffer [1%J4a) the

condition for stability ageinst guazsi-linear éiffusion of the beam is ’
2/3 7/3 2/3 /3 . .. s 1/3
y - e o < A
(nb/ne) (vb/Asb) (ve/vb) (M/m) <10 (hm Ap ) (%)

vhere 2y ané vy, &Te the bear density and vglocity respectively, n, is the ambient
electron ceasity, Avb the velocity spreadé of the beam, Ve the thermzl velocity of
the a;bient electrons, M and m the ion ané electron messes respactively, Em the

wavenu=der with the z=aximum growth rate focr the parametric instability, ané ZD

the Debve length. In none of the cases exa=ined by us was this coadition satisfied.

&4s a2 result, the humped distribution function showm in Figure 10 is not expected

e et - g o e #e

s e

e e At i S s R & o - ae




to stabilize into & quasi-steady state of plasni turoulence.

In those cases where the above condirion is satisfied the growing ion
density fluctuations give rise to an enhancement of the parallel resistivity
of the plasma. Papadoupoulos and Coffey [1974b] have showg that in this case
the anomalous resistivity n, can be expressed in terms of an effecttvg
collision frequency Vegs?

4
"a 2 eff -
(7]
P

wvhere wp is the electron plasma frequency of the ambient plasmz. The effective
cocllision frequency is given by Papadopoulos ané Cofiey [1%74b]
2
A4 F4 4
™ by

= 0.376 o (D)D)
e e b

v e : (6)

eff

where oy is the density of the.beam, o, the density of the ambient electrons,

vy the bear velocity, Ve the thermzl velocity of the ambient electrons, Avb the

velocity spreed of the beam, and ¢ is 2 fzcter of order unity.

Once the one-dimensional distribution ?(v,‘) is knowr, one czn determine
whether it has z maximum (i.e., 2 hump) or the tail, and, if sc, fit another
function of v, to this hump, designated by Fb(v,,), representing the one-
éimensional éistribution of near mono-energetic beam particles. The density of

. «
the beam electrons is thee given by n, = f Fb(v,,) év,, ,» the beam velocity vy

-
is the velocity vzlue zt the maximum, ané the velocity spread Ly is simply the
standzrd deviaztion of the distribution Pb(vll). The ambient density B, and the
anbient temperature Te (which determines the thermesl velocity ve) zre being
measured by other instruments. EHence, 21l para=ecters entering in equation (6)
can either be measured or calculated, and the znomalous resistivity can thus be

obtzined for every spectrum vhich has 2 one-Cizensional hump and satisfies

condition (4).

18
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IV. Summary

A nethod for the computerized paramet :rization ¢f electron energy spectrs
has been outlined together with &2 few examples of studies based on these derived
parameters. It was shown that the presence of the power-law population is linked
to the energy of the precipitating primary team., This is consistent .with the
vievw that the power-law populaticn is composed of secondaries and baékscattered
primaries. A detailed correlation study between Ep and T shoved that these two
parameters are positively correlated and that the correlationm is significantly
stronger during local daytime than at nighttime. This eifect m2y be related to
the fact that the Gaussian fluxes also are larger during daytime aad fall off
towaré the night. The one-dimensional veiocity ;iistributions parallel to the

geomagnetic field are decreasing with v, in the great mejority of cases, i.e.,

i
they represent stzble configurations. In sox=e cases, hovever, ther show a
plateau on the tail, indicating an iastability at an earlier time. A few hump-

on-the-tzil ¢istributions were zlso detectec.
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TABLE 1: COMPARISON OF TEMPERATURES AND PEAX ENERGIES IN THE

PRESENCE AND ABSENCE OF POWER-LAW FLUXES.

¢V =0
¢ 40
¢Mao
¢L(1) -0

Temperature (keV)

Average

0.571
2.224
0.581
2.344

Maximum

11.978
19.990

4.705
19.782

Peak energy (keV)

Average
1.035
2.645
0.996
2,753

Maximum
3.637
11.950
3.653
14,353

R —



TABLE 2

Upper and Lowver Bounds of Mirror Heigh.s of

Electrons on the Surface of the Loss Cone

23

143 Pitch * Spacecraft Mirrer ** Beam ##* Upper (U) or
Angle Altitude (km) Altitude (%m) Energy (keV) Lower (L) Bound

13126 110° 529 249 4.58 u

127 134° 530 0 0 L

131 128° 534 0 0 L

132 104° 536 399 4,98 v

140 92¢ 544 541 5.68 U

141 1ie® 545 71 0 1

146 121° 550 0 0 L

147 e7° 552 518 4.82 T

155 99°¢ 560 503 1.73 v

156 123¢ 561 0 e L

162 13¢9° 56¢ o 0 L

lél 115°¢ 567 127 2.35 T

170 105°¢ 577 419 4.61 v

in 130° 57¢ 0 ¢] L

175 132° 582 0 0 L '

176 108° 583 355 4,72 Y

185 1120 593 251 4.77 v

186 137° 594 0 0 L

* The pitch angle is tzken with respect to the cownwaré direction.

*%  If
it
k*kk If
2s

the mirror point would have fallen below the suriace of the earth,

was recoréeé¢ as O km zltitude,

no beaz festure was present in the spectrur, the energy was recordcd

0 keV.
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Figure 1.

Figure 2.

Tigure 3.

Figure 4.

Figure 5.

Figure €.

25

Figure Casptions

s) Example of an analytical fit of a spectrun consisting
of the sum of a power-law, a Maxwellian, and a Gaussian
distribution.
b) Example of an analytical fit of-a spectrum consisting‘
of the sum of a Maxwellian and a Gaussian distribution.
¢} Example of an analytical fit of a spectruz consisting -
of the sum of a power-law and 2 Maxwellian distribution.
Variation of Gaussian peek energy with invariant latitude
in eight locazl time sectors.
Yeriation of temperature with Invariant latitude in eight
loczl time sectors.
Veriation of power-law exponent with invariant latitude in
eight locel time sectors.
Pitch angle variation of the Gaussian peak emergy (Eo). If 2
spectrur does not contzin & nezr-monoenergetic pezk (i.e., &
Gaussiau-population), Eo is listed as zero. The left-hand
ordinate sczles refer to the solic curves and the zight-hand
ones to the dashed curves. The éztz were taken from AZ-D orbit
no. 635 in the altitude range froz 556 kn to 605 kx, invariant
latizude range from 76° to 73° ané et MLT 20 hrs.
Pitch angle variation of the temperzture (T). The left-
hand ccdinzte scales refer to the solid curves andé the right-hand
ones to the dzhsed curves. The catz weve taken Zrom AS-D orbit

no. 6325 and the same zltitude, lztitude and M.T as the cata of

Figure 2.



Figure 7.

Figure 8.

Figure 9,

Figurel0.
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Plasma physically stable one-dimensional velocity diotributicn
parallel ~o the geomagnetic field derived from observed electron
energy spectra of AE-D orbit 63S.

One-dimensional velocity distribution parallel to the geog’gnetic
field derived from observed electron energy spectra of AE-D orbit
647. The distribution presents a good example of plateau foraation.
One-dimensional velocity distribution parallel to the geomagnetic
field derived from observed electron energy spectrs of AZ-D orbit
647. The distribution presents a good example of plateau formation.
One-dimensional velocity distribution parallel to the geomagnetic
field deriveé from observed electron energy spectre of AT-D orbit

635. The distribution shows & clezr example of & hump-cn-the-tazil.
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. Appendix I. Curve Fitting Procedure
The curve fitting procedure involves 2 linear least squares fitting to

the electron flux spectrum using a superposition of three functions.
PC(E) - Pcl(g) + !-‘cz(l':‘.) + I-‘c3(8)
vhere Fc is the electron flux and E the epergy. The forms of the functions

used are:

Power law

: - (1 =Py

Maxwell ian i

F_(E) = cn —= (- 9

= " ~ exp -

where C is & constant, n is the cdensity and '.-’.b is the temperature.
Gaussizn . ‘ z
E - P2
= o '-
F3(E) = E expl-(—5—=) + P,]

1

The actuel iitting is performed in leg e space using the functions in the

forms:

Power law

loge(}'cl/}:) =X+ 7, 1ogeE

wnere P, = exp(}’..l)

P, = X

2" "2

log, (T ,/E) = % + LE




R e B S —.

where kKT, = - 1/x2

b
ur, )2
ne exp(xl)
Gaussian
log (F 4/E) = :zrt:2 + X,E+ X,
where P1 = 1
-5
- xz

X, 2 . 4:11}:3
P, = - c____ii____

The fitting is performed inm such & wey that it is possible to fit a
particular electron flux spectrum with any oze of the three given functions
separately or with any combination of the three. The bezsic procedure is to
compute the least squeres fit, compute the error between the observed spectrum
an¢ computed spectrum and select the least squeres fit with the smallest error.
The error is given by the formule,

X

1
T {log, AIF (E.)] = log, [F_(E.)IR "

ERROR =

where, X is the number of data points useé in the fitting

hp is the number of non-zero peremetecs in the fit

Fc is the computed flux

Fo is the observed flux

Ei is the energy corresponding to the iFh data point.

'The first step in the fitting routine is to fit the entire spectrum to the

power law function and the Mzxwellian function separately and choose the best
£4it. Next the routine sezrches for the ozti=zl £it for & superposition of these

same two functions. This search is accon:l ished by fitting the da.a points
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corresponding to energies E, through E, . (-Em) to the Maxwellian function,
subtracting the results from the observed flux values and fitting the remainder
to the power law function. The two fits are then added, the error is computed
and compared to the previous least error and the best fit chosen. This procedure
is repeated fcr k fangmg fromk= 3 to k=13,

To check for the presence of a monoenergetic peak (approximated ‘by a Gaussian

function) the spectrum representing the best fit from the above search is scanned

in the energy range £3 to 813 to locate three consecutive flux values.which 1lie
above the computed spectrum. If three or more such points are found, they are '
deleted froz the observed spectrum a2nd the procedure outlined above is repeated
for this adjusted spectrum. The points lying zbove ttre original best f:- which
wvere deleted are fit to 2 S2ussian function ani added to the recomputec power lav
plus Maxwellian fit. The error is then found and coxpared to the original best
£it. The f£it with the least error is thex tzken as the overall best fit to the

data ané the parzmeters are stored in the output file.
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Appendix II. One-Dimensional Rump of an lsotropic Three-Dimensional Distribution
Let tii2 one~dimensional distribution function l-‘(\'rz) have & maximum at vn.
Let the three-dimensional distribution function be isotropic, f(vz), where

v e vxz + vy2 + vzz. F(v,) and £(v?) are related by the expression
= 2 ) .
F(v,) f_z £(v2) dv,dv . (A.1)

Theorem: Voo has always the value 0 irrespective of the shape of £ {+2), and
this 1s the onlv value it can have.
Proef:

A necessary condition for z maximum of ?(vz) is

-d_ = r F—-8— ,2 lee  pMee =
o F(vz) Jige v ) dxxc\}_ 0
2 v -c 4 ve
zm 2z
‘.
, zm
4 A é Py ;
v [ £(v2), dv dv_= 0
M= d(v2) o= LI

o2

zz

Let us zssume that Von ¢ 0. Then
[- 3
] ] d £(v?) év év = 0 .
' v
zo

Introduce polar coordinates in the v v -plane
v, =% cost
v . =V sin¢

viayl sy ¢




Then we obtain (since 4 . d)
dv?) 42

o fon g
du |/ déu fv2 +v2 )= 0
° ° aw2) + =

f(=) - £(v2) =0
Since f(o) = 0, this implies

2 = ,
f(vzm) 0. (£.2)

Beczuse of the isotropy of f it follows that 'f(x'2)§v2 i " 0. Since
=
2T
the function £(v?) is by definition non-negative, it can vanish at the

point 2 = vim only if

d f(vz)i _ =0. (4.3)
é(v?) ly¢ =
: v2
: zm
Hence, we conclude that
4
: 2 rv) =0 withv_ #0
: év 2 * zm
3 ¢ M
4 vZ

%




enly if

4 __ £(v2) = 0.
d(v?) vi=
v2

In order to determine whether F(vz) actuzlly has a maximum at v o Ve

have to look at the second derivative.

a2 a ¢ 7 of
F === [ [ 22 v dv
av 2 (vz dvz '-; c\’z b4 p:
= 27 d cf d(\f)

e —9- S _ , 2
2% dvz[vz f(\z )]

2 d
2 =)= &l < Y c——— f 2
2- .-(\z ) + v, i, (vz )]

. =27 xf(sz) +2v 2 —S £(v2))

2 avd
vhich vanishes at vZ = vzm accoréing to equations (A.2) ané (4.3). Eence,
there ceznnot be 2 meximum at om £ 0. If § (Vx’ vy, vz) is spherically

symmetric and if F(vz) has 2 meximu=, it can occur only at v, = 0. q.e.d.
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