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Modeling of the Geosynchronous
Orbit Plasma Environment -Part |

Lo INTRODUCTION

Although the role of the environment tn genaratlxtg spacecraft potential var-
{ations at geosynchronous orbit ta well documented, 1-4% variations in the ambient
environment {taelf have not been well-defined. Several studies have been made of
the geosynchrenous environment, 28 but none have attermpted an anglytic foirmu-
laiion of the various parameters needed by Hie uger community in modaling the
spacieralt charging phenomenon.  This tnitial paper describes the busie et of
parameters required to formulate such a madel of the ambieat pleama enviyon-
ment and outlines a systematic procedure for constructing a simple analytic modei
that includes the effects of local time and geomagnetic activity. Obsgervational
data from the ATS-5 gatellite ave analyzed using thia procedurs to give o prelim-
inary analytic description of the geosynchroneus envirctunent in the foxrm of a
FORTRAN program. Although not intended as 3 detafled doseription of the envi-
reament, the model is uged in evaluating local time veriations of the plasma fol-
lowing a plagma injection ¢vent at gcoaymhronous orbit (the coudition most ifkely
to foater charging).

mecclved for publication 13 December 1977)

“*Due to the number of references to be incuded ag footnotes o this plso the
reader is veforred to the list ol veferences, page 35, .




2. PLASMA CHARACTERIZATION

The first step in constructing any model is the determination of the critical
parameters necesaary for description of the phenomenon. In plasma physics,
classical studies have shown that to describe a plasma completely, the electric
field, magnetic field, and particle distribution functions must be known. Several
models of the magnetospheric electric and magnetic fields exist in the open
literature so they will not be discussed here. This paper will concentrate instead
on the so-called plasma distribution function - its definition, its use, and its
measurement.

What {s the plasma distribution function? Although in general a complex
concept, the distribution function is, stripped of ite physical and mathematical
niceties, a function which describes how many particles exist within a tiny volume
of space with a velocity in a certain direction. Turning briefly to the mathemat-
{cal details, one notes that F, the distribution function, is given by:

FIX, Y, 2, Vy, ¥y, V3) (1)
such that
FX, ¥, 2, Vg, Vy, V) dx dyds dv dwy dv,
ig the number of particles in the velocily space
dv, dvy dv, and sputial volume dx dy dz
wheore
X, ¥, Z = gpatial coordinates
and

V. V.,V

x Yy Yy = veloeity components.

I ¥ tg integruted over all velocities and poaitions within a given volume, the total
number of particles fn that volume {a obiained (the analysie presented in this
pspor assumen a collisionless pluoma with no partiele sources or sinks),

For the purposes of this etudy, the plesmu will be counsidered to be {sotropis;
that 19, there are just as many paticles traveling in direction X as in direction Y
or Z. Thia stmplifies the unslysis greatly. (Ounly future study will veveal just




how good or bad such an assumption is and this factor should be kept {n mind in
the following.) Changing to spherical coordinates, one notes:

FIX, Y, 2, Vx’ Vy. Vz) dx dy dz dv, dvy dv,
= {(X, Y, Z, v} dx dy dz v° sin 6, da, A8 dv @)
= I, Y, Z, v) dx dy dz (4 rv< av)
where
Y R R
0\,. c)v = angular coordinates of the velocily victuy
f  igotropic distribution function
And we have integrated over 9, and év:
. ¥

2
f d@v J‘sh\ o, dl)v w §r {3}
°

A commonly encountered distribution function is the so-called Maxwellian
digtribution:

;omy 3/2 »m‘vflak'l“
tfv’) = (W ) e {4)

{

whesre
v = aumber density of species &
M, * mane of species i
Ti = tomperature of gpecies |
vy = veloetty of { species
& = Boltzmann constant
¢« cistribution funetion in secd/ln®
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Although most plasma distributions in space are neither Maxwellian nor isotropic,
thege agsumptions are commonly made in characterizing a plasma, in order to
reduce the number of parameters necessary for description. Further, Eq. (4)
can be used in the calculation of the first four plasma moments that will generate
the model. For a Maxwellian particle distribution, they are:

(ni) = 4*} (v fiv2 dv = n, )
o
([ 2Ty 12
(NFy) = (v)fv dv=2'< {) ©
®) = 4r (gm) f (v 59 v = KTy M
Q
. 3/2
i 3 mini a2kl
(EF)) = (ﬁm‘) f (v 11, v? dy o (?n“i ®
Q 1
where
3

(p;) = number density for species i (number/em”)
(NF) v number fhax for species | tnumber/cim® gec-sr)
(P = preesure for species | {éynes/ cmd)”

(BF) = energy flux for species { ferge/ em® sec-sr)

The use of moments e simll - % expanding a funciion in & Taylor series.
The moments are, {n statistical terms, the expectation values of a variable, that
9. the asverage value, the standavd devistion, and s on) l‘or a plesina, the
moments ¢ the velocity are tuken ag follows: (v\ {v } (v ), and (v3 . In
Bqa. (3}, (8). (7) and (8), these moments have been mulupigcd by constanis
give physically meaningful quantities. For example, the {¢") oment hag boen:
multiplied by 4= and 1/3 m, to give the isotiopic pressure, 4r{1/3 m vz).

Q"‘: s two-thirda of the so-called energy density which iz {n unitc of exrga; cma

eneryy density is the total coergy per unit volume of the plasma.

10



The moments, easily derived from the UCSD ATS-5 data (the inatrument
employed in this study), can be used to derive, a Maxwellian and a "2 -Maxwellian"
fit to the distribution function, as willi be demonstrated.

An interesting and important feature of the four morenis is that they (unlike
the plasma temperature) can be averaged together to give a phy “ically meaningful
average quantity. To prove this, assume a particle distribution is given by fi‘
Then the moments for this function are given by

0
(M)i=fo1v2dv
[+

where M is the moment to be found for distribution i. Now assume we want to
find (M) for a distribution function { where, { is the average of several distribu-
tion functions ti:

Then (M) can be defined as:

w0

) uf Miv gv
<
This gives:
- @ ) & )
2 i
o8 -fz«m- &vef "‘(1{3 z{i) vt av
o ° i=]
N o« N
1 .2 . &
%2 ]Mr‘» cW) A3 an,
=148 _ (=1

‘Thus groupe of the four moments can vach be averaged o give & uew sverage get
of moinents in o1 entively consistent faghion. These, in turn, can be used to
derive a new. averaged distribulion fusction.

191
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In Appendix A, it is demonstrated that if, instead of Eq. (1}, the distribu-
tion function is assumed to be the sum of 2 Maxwellians or 2 plasma components
for a asingle species i, then Ny Moo Tli. and Tg 4 can be found from Eqgs. (5),
(6), 7), and {8) such that:

In Figure 1 are plotted actual distribution functions, the Maxwellian fit, and the
2 Maxwellian fit. Neither exactly fits the distribution functions but, of the two
approximations, the 2 Maxwellian fit gives a much better representation of the

actual distribution function (for most studies of the effects of the ambient environ-

ment, a single Maxwellian has been considered adequate — clearly a dubious

assumption). In this paper, the parameters necessary to compute both the single

Maxwellian and 2 Maxwellian distributions will be derived. Figure 1, however,
should be remembered in conasidering the accuracy of either representation.
The second moment, (NF,), may be utilized in the calculation of another
important quantity, the current per unit area to the spacecraft. As the charge
striking a unit area of the spacecraft per unit time is of concern, the vector

velocity {71 relative to the unit normal n to the surface must be taken into account.

Also, only particles entering one half of the sphere (that {s, particles reaching
the satellite surface from one side only) are considered. Thus:

- - .3
Ji qi'/vi nfd v
/2 2 s
9 f Aln 6, cos 8, 9 f d¢,, f £v3 av (10)
o 0 Q

n

1/2
a g 2kT
"3 (Tm“ti * G T NFY

where

a. = charge on species (coulomba)

2
Jd, = current por unit area ‘amps/em®).

12
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Anocther quantity of general usage is the mean energy, The mean energy,
<Ei> (that is, the average energy per particle), for a Maxwellian distribution is
defined as the ratio of the energy density to the number deneity (where P;) 15 two-
thirds of the energy density):

(Ei) = 'g" (P1>/<“i> 2 'g" kT, (11)

where kTi, the quartity usel in delining the Maxwellian distribution, can be ob-
tained from (E;) by means of thia relation.

The distribution function (approximated either by a Maxwellian or.  better,
2 Maxwellian fit), the mean cnergy, and current are the three quantities most
often required by programs designed to calculsate spacecraft-plasma interactions.
Thus, glven the four moments and Eqs. (4), (9), {10), and (11), a description of
the plasma environment can be derived which meets the mujority of the user com-
munity's needs.

3. METHOD OF ANALYSIS

In the preceding secticn, the parameters necessary to define the amnbient
plasma were deseribed. All exhihit large temporal and spatial variations at geo-
synchronous orbit, making their accurate determination quite difficult. In fact,
it is this extreme variation, particularly during geomagnetic storme, that has
preventod analytic models fromn being generated. The mathod to be outlined is,
as a result, a first-order approximation. Its wgefulness can be determined only
in retrospect by how well {t predicta conditions at geosynchronous prbis. We can,
however, describe the characteristica of a meaningful model and huild those
explicitly {nto the anulysis process.

What characteristics must a model of the geesayncironous environment
possess ? In particular, how can the observed temperal and gpatial varlations be
sccounted tor? The scale of the variutions give imporiant clues to the answer.
Firet, changes in geomagnetic activity correlate with the largeat temporal varia-
tiong in the plagmu. Secondly, spatlal variations at gecaynchironous orbit trans-
late into local time (or position relative to the gun) variationas. Thua, the two
tmportant variations are geomagnetic activity and local time,

Geomagnetic activity has been defined historically in tarms of geomagnetic
storms at the earth's uurfacc.g These glorms appear as initially small in-
creases in the earth's hovizountal muagnetic flold wmnplitude (~10 - 100 y,

8. Rostoker, G. (1072) Geomagnetic indicea, Rev, Geophya. 3_0_(1‘10.4):935.
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where a v is 10—5 of a gauss - the earth's field is ~0. 8 gauss) followed by a
rapid ~ 1000 v decrease, This decrease may last a day or more after which the
field slowly (~week) recovers to its quiet value. Such events are believed to be
the result of a compression of the earth's magnetic field by the solar wind and
are generally accompanied by auroral actirity, ionospheric perturbations, par-
ticle fluxes at geosynchronous orbit, and so on, A typical magnetic record is
shown in Figure 2.

fam Banitude recunds

High Tatituds mvonds

I 1, 1 i L 1 L 1 (N i 4 i 1 N A L H N
T L | L MR TR | M Y trama 1 .&{ ]
33 May 26 May 14T T

Figure 2. Fxsmple of a Geomagnet!. Storm Swowing the SSC (storm sudden
souunencenent} and tie Resultiag Mametic Variations at the Eurth's Swfoce
{Akasofu an4 Caapmaun, 1952)

Tradiionally, the level of + - ~ld-wide geomagret.c activity ag repregented
by fluctualions {n the earth's magnetic fleld hes been defined by the 3 hour K
index which goes from U to 0 in stc .8 of 1/3. This fg a quasi-logaritmic qurvtity
whicn 1o suppoged tr rypres~nt the positive and negative deviation of an "average"
magnetometer at rald-latitudes. The o index is diroctly calculated from the K
index and, when multiplied by 2 ¥'s s supposed o give the magnetic doviation in
T's. e These two quantitica, due to the localized nature of most georagnetic
activity, are underesgtimates of vowal gecmeguetic activitv., They are, however,

15
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the only quantities currently avaflable. In this study, A_, the daily sum of a_,
will be employed as the index of geomagnetic activity.* P P

The determination of how the distribution function changes in local time and
with Ap is a significantly different problem from determining average conditions
or extreme values. This is particularly true in a study of charge buildup for the
proper relationship between Ap and local time relative to the sun of the satellite
and the interrelationship between parameters must be preserved simultaneously.
Finally, in order to make the model of general utility, it should be expresaible in
an analytical form, To fulfill these requirements, a multiple linear regression
analysis was carried out.

In multiple regression, the coefficients of a simple analytic expression are
adjusted so that the deviations between the observed and predicted values as
described by the chi-squared statistic are minimized. For this initial study, a
linear relation in daily Ap and a diurnal and semidiurnal variation in local time t
were selected. That is, a collection of obgervations varying in local time and
Ap of a given moment were fit using the following equation:

L4 L
M(t.A) = (ag + ah )b, +b, cos [—13 (t+t,) + by cos (Flt+ ‘2’)] (12)

where: M(t.Ap) = predicted value of the moment M at local thme t and for the
daily geomagnetic activity index Ap. and a . ay. by bl’ by, Lot coefficients
determined by the regression. Using a multiple regression program, from
Bevington, 10 we note that ag, By, b, bl‘ by, te and t;, were determined for each
get of moments, Ap, and t. The gtandard doviation for each point was agsumed

to be the standard deviation of cach set of moments for analyals purposes.

In gummary, the plasma enviromment at geosynchronous orbit varies with
geomagnetic activity and local time {that {s, the poaition of the gatellite relative
to the sun). To presexve this relationship, each parameter {6 ftt, using multiple
linear rogression, to a simple function tn A and local time. Each parameter,
predicted for the same value of Ap and locgl time, can then be combined to give
the distribution function and other parameters of interegt. A FORTRAN listing of
the resulting model is given in Appendix A.

R T GO e

10. Bevington. P. R. (1969) Data Reduction and Error Analysia for the Physical
Sciencea, McGraw-Hill, New York.

‘A was employed in lieu of a,, as the gpread in oy, n the data base wes inade-
quate in local time for meaningful comparigons. "The usc of A,y also alivws the
analytic expression to {nclude the observation that particle Lnjéctiom at geo-
synchronous orbit produce effects lasting up to 24 hours.

i6
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4. DATA BASE

To test the method just described, measurements made by the University of
California at San Diego (UCSD) plasma experiment on ATS-5 were analyzed.

In August 1969, ATS-5 was launched into geosynchronous orbit (6.6 RE) near
105°W, The satellite spin period is 0.79 sec and the spin axis is aligned with
that of the earth's. The UCSD instrument consists of four cylindrical plate spec-
trometers: two pairs of electron and positive ion detectors directed parallel and
perpendicular to the spin axis. Three simultaneous measurements, 0.26 sec
long, can be taken every 0. 32 sec. A complete spectrum of 64 steps of energy
channels (two are background, the others are each 112 percent of the previous
channel starting at 51.6 eV and ending at 51.6 keV) can be taken in 20.48 sec.
Other modes are possible, but for this study only two to four minute averages of
the four moments of the distribution function are studied. A more detailed descrip-
tion of the calculation of the four moments from the UCSD data is given in Appen -
uix A.

As the primary purpose of this paper is to outline a procedure for obtaining
an analytic formulation of the geosynchronous plagma useful in studing charging
effects, we do not use a large data set nor are the days selected at random (sce
the following). Ten days of hourly measurements were chosen which covered a
wide range of geomagnetic activity. Data gaps snd other singularities were ig-
nored and interpolated values employed (even so, this involved only about 8 of the
240 observations). Table 1 lists the ten days chosen and the corresponding 3-hour

and daily A_ values {sec Roatoker, ? for a review of georm agnetic indlces),
Initially 250 sets of moments were selected {one set every hour on the half<hour
plus the values at plasma injection, if clearly identifiable}. The plagma compo-
nents perpendicular and parallel to the satellite spin axis were averaged together,
assuming equal weights. Finally, to facilitate a comparison with the 3-hour
index, 3-hour averages were taken. It was this data base of 80 values per moment
which waa analyzed.

The data base was not selected at random o avold errory in the local time
variations which are uffected by single injoction eventa. As digcussed in
DeForest and Mcllwaln‘r’ or Garrett ot al, 4 an injection event {8 the sudden appear-
ance of hot, plasma sheef plagma near local midnight a8 geosynchronous orbit.
Unfortunately, these eventa are by theiy very nature randam {n ovcurrence. Such
events cauge order of magnitude changes v the plusma conditlonw at geosynchroa-
ous orbit and tend to skew any girogs averages of the geosynchivnous caviroument.

"ﬂw electron data for 1972, by which time these detectors had degraded, were
corrected using a factor of 48 for the parallel detector and 0 los the detector
perpeandicular to the gpin axis.

17
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Table 1. Geomagnetic Activity for Days Analyzed

Yeur Day Hourly AP Daily AP
1972 217 67 236 132 27 56 27 111 400 1056
1870 348 22 80 236 48 32 15 32 56 521
1972 228 ] 6 12 18 82 27 15 27 146
1969 326 15 18 12 7 5§ 5 12 6 80
1870 213 6 18 18 5 7 6 4 73
1870 272 3 5 6 5 2 3 2 12 38
1969 299 3 4 9 3 4 2 5 K] 33
1970 25 4 3 2 o0 2 2 3 4 20
1971 81 5 2 0o o0 2 2 4 3 18
1970 345 0 2 3 3 2 o0 2 2 14

Ag the purpose of this analysis is to model the time-history of a charging event,
we have gelected days exhibiting single injection events near satelilte midnight,
for the lower levels of geomagnetic activity. Such steps were based on the chger-
vation that spacecraft charging has been found to occur primarily in conjunction
with individual plasma injections near midnight. Thie blas should be considered
when evaluating the generality of the model.

5. RESULYS

A variety of parameters und combinations of paraméters were calculuted
for this study. Considering the sparsencss of the data base, we have limited the
study t0 8 formulation of the four momenta in terma of linear regression-derived
analytic cxpm“(mm‘. The currenta and the parameters necegeary for a
Maxwelllan and a 2 Maxwellian fit to the dtetribution function are computed from
those predicted quaniitics. A a result of the aimplicity of the fitted function (in
particular the assumed lnearity of A )-and the paucity of data, some negative
values result for the predicted values. Ag these, in turn, result in fictitious
values for the Gerived quantities, in the FORTRAN formulaticn of the problem,
these values have been corrected by estimmates (see Table 2). With this cevest

"!‘he average energy wus calculated fiom the data sud wes derived from the fitted
values. The latter values are uaed in this preliminary model to pregerve the
{nternal consistency of the model, gince the differences between the vaives so
derived are within the accuracy of the model.
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Table 2.

Default Values and Standard Deviations for Model

Electrons Ions

Variable Units Std. Dev. /Default Std. Dav. /Default
Density no#/cm® 0. 67 0. 02 0. 55 0.33
Pressure dynes/cm? 2.6%10°% ax107!! lox10® gx19d
Energy flux erg/(cmz-sec-sr) 2.1 0. 08 0. 13 Q.09
Number flux | no#/{cm® sec-sr) |1.4 x 105 4 x 108 ax10®  3x10°
Mean Energy eV (1600) 1000 {1820)
Current nAmps/ cm? 0. 07 0. 002 0. 002 0. 0015
N1 no# / cm® 2
N2 no# / cm® 0. 04
T1 eV 250
T2 eV 20000

in mind, the model predictions will be discussed and, where poasible, compared
with other observations.

Tables 3 through 22 list, by parameter, the values predicied by the model
(sec FORTRAN liating in Appendices). The parametsrs are glven ag a Runetion
of the Ap values corresponding to average dally valuer of E(p of OQ. 1, 20. 30. S
5ot o Tye 8 and 8. Ag the data sot of AP values includes only values as high
as 1056 (that is, Kp L o)' the values for 1658 and 3200 ghould be treated ag
extrapolations. For each of the four moments and for the curreat, the stendsrd
deviation agsocliated with the it to the actual date {s given. This ts tndicative of
the error that should be assigned sach predivted value. Ag would be expeated for
the amall data get employed in this study, e predicted errors sre & large fraction
of the model valuea. Algo, the environment actually exhibite lorge variations guch
as these.

In connideration of the errors associated with the four momaeanta, it ia not jus-
tifled o draw more than a few gensrallized conclusions from the predictions of thiy
preliminary miodel. In general, the rangea of the four moments well approximass
those given by DeForest and Mellwatn® in thelr Table 1 1f thetr "maximum® values
are taken as corresponding to an Ap of ~ 1088 Gversge K, of 7,), thelr "typleat™
velues as corresponding to A_ of ~ 120 (average Kp of 3ﬂb. snd "mintmwn” w0 oan
Ap of ~0 laverage Kp of 0 ). The ugreement 18 excellont for the tons we @ wtinl

" ' ca, .
e PP B i O AN R AR A A NI R S
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amplitude aad locel time. The agreement is also quite good for the energy flux
and mumber flux {ov the electrons, but not as good witii the density and pressure
{the modsi predicts two peeks — one near midnight and the other near 0930 in con-
trast to their single peak near midnight). In consideration of the greater varia-
bility of the electrons, this discrepancy is probably a resl deviation.

Although skewed somewhat by the problems discuased in earlier sections of
the paper (that is, injections and a less then random selection of events), the
amplitudes of the four moments predicted by the model for the electrons and ions
demonstrate consistent local time variations. For example, all show a sharp
minimum between 1630 to 1930 local time for moderate to high leveals of geomag-
netic activity — the minima being on the order of 50 percent of the maximum
values. At low values of geomagnetic activity and for the derived quantities, this
trend is lost or greatly reduced. The mirimum is obvious in most spectrograms
returned by ATS-5 and ATS-6 and probably reflects the sharp edge of the plasma
sheet/injection bounda.y in the evening hours reposted by many othersn' 12,13
which marks the boundary between eastward drifting low energy ions and westward
drifting high energy lons.

In contrast to the minima, the peaks at high geomagnetic activity appear
broad in extent and well-defined. At low lovels of A , all moments peak between
0130 and 0430. The mean energles for the electrons are about one-fourth of
expected values and show no strong local time or Ap variation, although there may
be a slight tendency for higher encrgles to occur, on the average near 0430 local
time. The mean fon energles, in comparison, peak near midnight moving to ear-
lar hours (~2000) ag the geomagnetic activity decreases. Again, this would be
congistent with the movement of the hot plagma gheet/injection boundary toward
the evening hours at gousynchronous orbit during geomagnetic activity.

The derived quantities {mean energy, Nl‘ Na. '31. and '1‘2)‘ although con-
taminated by minimum value estimates below Ap ~ 58, reveal aeveral features.
Ag juat deseribed, the electron mean energy shows no strong variation with local
time ox Ap. This {s consistent with the obgervations of ATS-5 duta reported by

11. Vasyllunas, V.M. (1988) A survey of low energy electrons in the evening
sector of the magnetosphere with Ogo 1 and Ogo 3, J. CGeophys. Res.,
73:2839.

12, Mcllwain, C.E. (1871) Plasma convection in the vicinity of the geosynchron-
ous orbit, Earth Magnetospheric Procesaes, B.M, McCormac, Ed.,
D. Retdel Publishing %.’fo. . bordrecﬁt, Holfand.

13. Mauk, B., and Mcliwain, C.E. (1974) Correlation of Kp with the substorm-
injected plasma boundury, J. Geophys. Hes, 79:3188.
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Inouye. 14 The estimates of the standard deviations of these values are on the
order of ~1500 eV for the electrons and ~2000 eV for the ions, quantities of sim-
ilar magnitude for the electrons as the change in the predicted values. This
trend is evident in the 2 Maxwellian fits excpt, interestingly, the high energy
temperature component of the electrons and ions. For them a trend toward
higher values for the daily average temperature at lower levels of geomagnetic
activity is significant and and in contrast to the increase in the daily average of

14 and

all other parameters. This would lend support to the assumption of Inouye
Stevens et al7 that the plasma temperature goes up as the current goes down.

The regults imply, however, that the effect is dependent on how one defines the
energy or temperature. The mean energy as defined in this study is ~ 1/4 of its
expecied value and usually increases. In fact, the temperature as represented by
T, for the electrons and ions, not the mean energy, better represents the maxi-

mum values estimated by other studies. 7.4,15

Also, the maximum temperature
and mean energy for the electrons are a factor 2 higher if maximum instead of
average values are used in the study.

On the assumption that the 2 Maxwellian {it is a reagonable gpproximation
to the actual plasma distribution, further observations can be made based on the
model: First, it is the low temperature component (TI) of the ions and electrons
which shows the largest percentage increase as geomagnetic activity increases.
Related to this {s the observation that although the densities N 1 and N2 increase
markedly with geomagnetic activity, the ratio, N2/ N 1 of the daily averages of the
dengities remain roughly equal in spite of large local time variations in the ratios,
This mav indicate that the percentage of particles, as represented by their ratio
Nz/Nl' in the two populations changes little on a daily basis, whereas their tem-
peratures T, and '1‘2 are varying independent of each other (in fact, the high tem-
perature components may ba decreasing with geomagnetic activity). In considera-
tion of the paucity of data in the analysis, however, these conclusions are tentative,

6. MODEL USAGH

In this section, twao exampled of model usage in estimating the effects of
charging will be given. The model will be employed {n astimating the environment

14. Inouye, G.T. {1576) Spacecraft potentials in a substorm environment, AIAA
Progress {n Astronautics and Acronautics Serlea, Vol. 42, pp. 103-120,

5. DeForeat, 8. E. (1877) Fine! Report for 1 June 1996-30 November 1996,
AFGL-TR-77-0031.
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conducive to charging at geosynchronous orbit, * This environment can, in turn,
be joined with a spacecraft charging model to give satellite potentials,

Of general interest is the prediction of the charging environment a satellite
is likely to encounter during a typical mission. The basic idea is to predict the
expected occurrence frequency of A during the mission. This has been done for
a "typical" time period in Figure 3 where a histogram of over 30 years of A
values has been plotted. The results of this figure can be utilized in two ways.
First, the probability of observing a given interval of Ap or, equivalently, a given
level of geomagnetic activity can be found; for example, the probability of observ-
ing the Ap interval 56-120 is 33 percent in a given time period. Similarly, the
probability that a value of Ap of 120 will be exceeded during a mission is given by:

P = 100% - 14%(Ap =32) - 23%(32 <Ap = 56)
- 33%(56 <Ap =120) = 30% .

The value of Ap (120 ir this example) can then be substituted into the model
(see Appendices for a FORTRAN listing of the model) along with a local time be-
tween 0000 and 2400 to give the ambient environment expected 33 percent of the
time, or not to be "exceeded" more than 30 percent of the time,

Substituting the Ap value of 120 and a LT of 0130, the FORTRAN subroutine
returns, * one notes:

Electron Ion

Population Population
Number density (no#/cms) 1.49 1.38
Pressgure (dyues/cmz) 3,31x 1079 1.24 ¥ 1078
Energy flux (erg/cm2 sec=-sr) 1.89 0.30
Number flux (no#/ em? gec-sr) 2.57 x 10% 107
Mean energy 3/2 kT {eV) 2100 8400
Current (amps/ cm?) 0. 13 0. 005

*The model {8 not intended to be used to glve total average plasma "dosages'
asince plasma InJections occurring when the satellite was near local midnight
were preferentially selected. Rather, {t is intended to give the environment
moat conducive to charging — that is, following injections when the satellite is
near local midnight. 6

*Note: These values are in very good agreement with"DeForeat and .Mcllwain and
Garrett et al¥ for "typical" values it sz (Ty) is the "mean enexrgy. "
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Electron Ion
PoEulation PoEulation
2 Maxwellian:
N1 (no#/cm”) 113 0.54
T1 (eV) 496 21
N2 (no#/cm®) 0.35 0. 84
;’ T2 (eV) 42170 9200
:' 35 1 T — T
30 B
a .25 -
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Figure 3. Histogram of the Occurrence Frequency of A ,
the Dally Sum of ap, for the Years 1932 through 1975

The approximate distribution function (or particle spectrum) can then be derived
by either of the following: v

Electrons

-re ‘3/2 ‘E/ Te ‘
m) e {12a) ;

£,(B) s 2.2 N, (




[

Ions

T Rt ATV o e T g T TR

-3/2
T ) eE/TI

= 6N, (L
£(E) = 2.14 x 10° N (1ooo (12b)

where

P

f,.1; = distribution functions (sec” km %)
3

Ne =1.49 cm

Ny =138 em™S

T, = 2/3 (2100 eV) = 1400 eV

T, =2/3 (8400 eV) = 5600 eV

I
E = particle energy (eV)

or:
: [ ( T1, )‘3/2 “E/T1, T2, -3/2 -E/’I‘ze>
i ] — ————
fe(E) = 27.2 \Nle 1000 e + N2, ( 1000) e (13a)
6 ( Ty, )"3/ L ;7 o8 T2, >'3/ 2 -E/'rzi)
' - — —
f E)=2.14x10° \Ny 1000 e + Nal ( 1500 e
i (13b)
where

£,.1] = distribution functions (sec® km8)

Ni_ =113 om™® N = 0.54 cm™>
T1, =496 eV Ti =21V
N2, = 0.35 om™® N2; * 0.84 em >
'1‘20 = 4270 eV '1‘2x = 9200 oV

The resultmg\dlsh‘ibution functionsa are plotted in Figures 4 and 5. It {s recom-
mended that Eq. (13) be used for Ap greater than 50, and Eq. (12) for lower
values,

A second uge of the model {3 {n making real time eatimates of the plasma
conditions. A provisional a  value and a predicted s_ value for the next 3-hour
period are currently available from Air Force sourcea. If a running sum of £ & 's
i8 maintained, the model can be used to predict the ambient conditions (that is, if
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Preditted by the Model for Ap of 120 and a Local Time of 0130
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Figure 5. Maxwellian and 2 Maxwellian Ion Distribution Functions FPre-
dicted by the Model for Ap of 120 and a Local Time of 0130
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Figure 1. Local Time Plot of the Values of the Four lon
Moments Predicted by the Model for Ap of 120
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the preceding 7 ap values totaled 105 and the predicted ap was 15, then A_ pre-
dicted would be 120 and the environment versus local time for the next three
hours would be as shown in Figures 6 and 7). Likewise, if the current A_ value
is 120, Figures 6 and 7 illustrate the average conditions following an injection
near the local midnight portion of a satellite's orbit, the condition most likely to
foster charging. Extreme conditions, suitable for providing a spacecraft charging
alert, are estimated by taking the largest observed or predicted a_ value in the
desired interval and multiplying by 8 (if the highest a, was 15, then Ap predicted
would be 120}, The values so derived can then be inserted in a program that
computes spacecraft potential to give an "alert”" bulletin versus local time,

7. CONCLUSION

In review, we have outlined a procedure for generating an analytic formu-
lation of the various parameters needed by researchers seeking to model the geo-
synchronous environment and the interaction of that environment with a space-
craft. An environmental model based on a limited data set (10 days) was analyzed
under this procedure. The results were compared with other observations of the
geesynchronous plasma, Although the inodel was designed to analyze plasma
variations following a plasma injection near the midnight portion of the satellite
orbit, excluding anisotropic fluxes and orbital effects, it included geomagnetic
and local time variations. Key features of the magnetosphere such as the plasma
decrease near evening were reproduced, and various trends in the data which mgy
be significant noted. In view of the assumptions and gige of the data base, this
model i{s considered to be a preliminary rather than a definitive description of the
ambient geosynchronous environment. As the power cf the technique has been
demonstrated, it {3 planned to extend it in the near future to a much more compre-
hensive data bage and, in turn, generate a more complete model.
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Appendix A

Calalation of Moments

The ATS-5 UCSD instrument makes measurements only between 51. 6 oV and
51.8 keV. Further, all positive lons are assumed to be {onized hydrogen as it ig
not possible to calculate aceurately the composition of the {on population. Thus,
the four moments calculated from the ATS+S data are tn actuality valid only for the
range 51.6 eV to 51.6 keV for electrons and protons. l)ef"orestl notes that the
main error introduced by these effects s an underestimation of the particle denst-
ty and a lack of equality between the proton and electren denstties us a large part
of the particle population i{s below 50 eV. With this in mind, the formulas for the
momenis in Eqs. (5), (6), (7), and (8) are approximated for the electyons by:

ol 2B MR ek
d(EE
CRETED) *"a-:-"ll(ﬁ“‘) T ()
E [ i
i
ay QO
. EF i
Ege 2, Q%LT)L E, @A)
E
{




R ooy |

(B)= 4r Z(me>d(EF)t (%:E,i_) _E_x (34)
Ei i e i

oo T (5 B () "
Ey

z “ summation over the energles E, from 51.6 eV to 51,8 kaV

m, = mass of electron
A(EE -5 2
aE ] ® differential energy flux (count rate divided by 4.3 x 10" em” sr
{ for ATS-5}
AE

i

The fon moments are almilarly desrived by replacing m o by m,, the mass of
a proton.

= 0,12 for ATS-5
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Appendix B

Calculation of the 2 Maxwellicn Distributioa

The distribution function { is of central importance in various achemes for

the calculation of spacecrait potential, As Figure i clearly demounstrates, a
single Maxwellian distribution is often inadeguate in describing the actual data.
Although a 2 Maxwell fit is also only an approximation, it does double the knowl-
edge of the actual distributions. Furthey, it tends to divide the particle distribu-
tion into two components: a high temperature, relatively low density componeat
and a low temaperature, high dangity component which is constatent with various
cbservations of the actual state of the magnetospheric plasma.
to {nclude the caleulation of the two densities (Nl and N,} and temperatures (T‘
and Ty) tn the model was warranted.

For thege reasons,

Assuming a 2 Maxwelliun distribution to be given by Eq. (9) and making the

additional aggumption that the four moments given tn Appendix A represent ade-
quate approximation o the actual distribution function, we obtatm:

N Ny e C (30}
N X, + NyX, = C, {67)
N KT N+ Cy (7a)
NS e N,x3 e, Y
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Nl’ N2 = number densities for speciesa i
X1 = Tii/z, temperature 1 for species i
X2 = Tzli/z, temperature 2 for species i
C1 = (n1>
C‘, = (NFi)
C3 = <Pi) /K
C4 = <EF1>
Solving:
N1 =<y - N2 (0A)
C, -X
2 1
N =~———_——* (IOA)
2 X2 X1
C,-C,X
3 271
X, = 5= (114)
2 C2 CIXI
(€2 -cc)x+(C,C, - C,C) X, +(C%-C,C)=0 (12A)
. b3 17371 174 27371 3 274

Equation (124)is s quadratic equation and has two rcots of the form:

‘/ 2
x. = :B+ ¥YB® -4aC (134)

1 2A
o8 - 2 .
X, = 2 ‘/z;?x & (14A)

where
aA=cd.cc
2 i3
B=C C4-C.2C3
C=C
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This situation may appear ambiguous, but it is obvicus by the symmetry of
Egs. (5A), (6A), (7TA), and (8A) that if we choose the positive sign for X,, then
Xz must corrvespond to the negative sign. The actual problem is that it is possi-
ble that the distribution function is a single Maxwellian in which case X2 {or by
symmetry, X 1) will approach infinity and the number density, N,, zero. Some
care mugt be exercisec in studying trends as a resuilt of this effect.

For actual data, it is not likely that imaginary or negative valiues will be
encountered. For values derived from our simple model, this is not true: The
fitted moments may be negative (in which cage imaginary values are obtained), or
the minimum correction values may result in negative densities. Fortunately,
this happened for only 7 of the 80 values calculated for the electrons; it did not
occur for the ions. Default values representative of the expected minimuxp ))ralues
are returned by the program in these cases (see Appendix C). Finally, ; i/ “ or
Téi/ 2 may be negative and should be checked in any general application.
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Appendix C

FORTRAN Listing of Envircnmental Model

The model outlined in this study consists of two subroutines: MODEL, and
; MAXW. These two programs have separate purposes and can, with minor changes,
be used independently.
Subroutine MODEL requires as input the daily A index and the local time
LT (a real number). It returns a vector XX which has the 20 components:

F N

-

XX(1) = Electron density x 100 (number/cm®)

2T

XX(2) = Ion density x 100 (number/cm®)

XX(3) = Electron pressure X 1010 {dynes/ cmz)

XX(4) = lon pressure x 1010 (dynea/cmz)

XX(6) = Eloctron energy flux x 100 (erg/ cm2 sec-gr}
XX(6) = lon energy flux x 100 (arg/cmz soc-sy)

XX(?7) = Electron number flux x 10'6 (numbexr/ cm2 gec-8r)
XX{8) = Ion number flux x !0'8 {number/ cma 8ac-ar)

i XX{9) = Electron mean ensrgy (eV)*

XX(10) = Jon moan energy RY

.Mean onergy, which la 3/2 KT for a Maxwellian, ghould not be confused with the
temperature, KT, used in generating the Maxwellian or 2 Maxwellian distribution.
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XX(11) = Electron current x 10% (h amps/ cm?)
XX(12) = Ion current x 10% (n amps/ em’)
XX(13) = Electron density 1 x 100 (number/cm3)
XX(14) = Ion density 1 x 100 (number/cma)
XX(15) = Electron temperature 1 (eV)

XX(16) = Ion temperature 1 (eV)

XX(17) = Electron density 2 X 100 (number/cm®)
XX(18) = Ion density 2 x 100 (number/cm®)
XX(19) = Electron temperature 2 (eV)

XX(20) = Ion temperature 2 (eV)

Subroutine MODEL requires MAXW but it can easily be deleted if the
2 Maxwellian distribution is not required. Subroutine MAXW requires a sget of
four moments:

RHO = density {number/ cm®)
FNO = number flux {(number/ cm?-gec-sr)
PR = pressure (dynes/ cm?)
FEN = energy flux (erg/cmz-sec-sr)
A value of 1 is used for electrons, 2 for ions. It returns:
R1 = density 1 (number/ em®)
Y = temperature 1 (eV)
R2 = density 2 (number/ cm®)
T = temperature 2 (eV)

These values can be used in Ec. (9) to give an approximation to the distribution
function.

Table 2 of the main report gives default values returned by the progran.
These are the most reasonable estimates of these values that could be determined.
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