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Abstract

- A model for thHe altitude dependéncé of the hot plasma parameters responsible
for the electrostatic charging of spacécraft has been developed. Baséd upon plasma
plasma orbit theory, the directed velacity is & function of the ambient mapnetic
field flux dénsity, A consequence of unis approac¢h is that while the thermal velo-
city distributions (assumed to be Maxwellian) of the plasma particlés are indépend-
ent of the magnetic field strength (and heticé altitudé), the particle d: sitiés in-
creasé with magnétic field strength, Thus, according to this modeél, while the
equilibrium voltage is indépendént of altitude, the charging current density ,
increases with décreaging altitude., However, the probability of such spice:raft
charging deécreases with décreasing altitude,

1. INTRODUCTION
Almost all of thé published data and analysés of spacécraift char’g{ngl' 2 fave

béen concerned Wwith spacecraft in géosynchronous orbit (f ~ 6.6 Rg). It ig
theorétizally expected that the charging phénomiénon can occur at other altitudes
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as wéll. For spacecraft in earth obbit at other altitudes, the ¢haracteristics of
such chorging becomes of practical concern, Th2 purpose of this study was to
develop an analyti¢al model which yielded the significant paratreters of the space=-
craft ¢harging phenomenon as furictions of altitude above the earth.

3, ALTITUDE DEPENBENCE

altitude dependence at géosynchro-

The major environment which has a strong
field is taken as approximately

nous orbit is the earth's magnetic field. If this
that of a dipole, its magnetic flux density may be written

B ‘,1 + 3 sin? A
B.r. 0 M (1)

B, * the magnetic flux density at thé surfacé of the earth at the magnetic

eguator * 0.3 gauss = 3 X 1073 webe'rs/mz;
= the magnetic latitude (degrees):

X

M
r = distance from the magnetic center of the earth;
Ry = radius of the earth.

It is nécessary for r and Rg to bé in the same units, and that r > Rg.

It is well known that a plasma can exist in a magnetic field only if thé plasina
energy density exceeds thé magnétic field energy density. The enérgy density
(E.D.) of the quasistatic magnetic field is B2/2u, where u is the permeability of
the medium which contains the magnetic field. For free spacé u = i, = 4z X 10'7
H/m (MKS units). Thus for the dipole-approximated geomagnetic feld,

B2 (1 +3sin® ay)
_ "o M
E.D.B = 5
2 g R
“0 R
E
-4 [14351112 M| joulés ;
= 3,58 X10 a . (2)

i l (_R_r_)é 3
E
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Any plasma which is able ts exist in such a magmetic fleld must possess an energy
density at least this large,

The enerdy density of a two-comiponent electrically neutral fully ionized non-=
relativistic plasma may be written

E, D.p = KE (directed) + KE (thermal) (3)

whereé

KE dhiq cted) - 1/2 (m+ + m-) v (dir)Z ;
KE (thermal) < /2 m, v, (2 + 1/2 m_v_ (w2,

I thesé equations, m 4 and m_ aré the rest masses of the positively charged and
negatively chargéd plasma particles, respectively, while vi{dir) and v(th) are the
directed and the thermal velocities of those particles... N is the spatial density of
each type of particle. As long as thé plasma moves as an entity, the + and - par-
ticles will have the same directed veloeities. In addition, if the plasma is in

thermal equilibrium, the + and - particles will have the same average thermal
energies, leading to the relationship

v_(th) "
v,() g/ - @

This last relationship is only an approximation, as measurements in the hot plasmas
résponsible for spacecraft charging seem to show that the tenipératures of the

+ componetit (largely protons) are about twice the témperatures of the - component
(electrons).

The characteristics of the hot {spacecrart ¢harging) plasmas at geosynchronous
orbit show that the directed velotity generally lies betweén the thermal veloeities
of the electrons and the pfotons. Thiis, the directed velocity is supersoric for the
protons but subsonic for the électrons. Sinde m + = 1836 m_, the eaergy density
for such plasma is essentialiy all due to the directed motion of the protons, To
illustrate this, for a plaswna with a 5 keV téemperature v, (th) = 108 cm/sec while
v (th) = 4.3 X 10° cni/sec. Takifig v(dir) as 6 x 108 cm/séc (an intermediate
value) ylelds directed energies of E, = 180 keVand E_= 0.1 keV. oOnly if v(dir)
is not greatér than v (th) is the plasma energy density not largely due to the
directed inotion of the hieavier (+) cofriponerit,

With E. D, p s 1/2m, wdir)?, it is possible to estimate how low ini altitude a
hot plasmd moving radially toward the earth can get béfore its energy density is
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not sufficient to prevet the geomagnetie field from tearing it apart, Equating
E.D. g and E. D. p yields

B 1/3 1+33in2 /e
r+* R O _________fyL {5)
E |v(dir) . (3
Mo m+N

The results of this calculation are shown graphically in Figure 1 for v © a°
(magnztic equator). Thése résults are an approximation because of many factors
but due to the steep radial gradient of the energy density of the geomagnetic field,

)

V(DIR) = 3 x 10°
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Figuré 1, Calculated Hot Plasma Altitude Limit
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the approxiniations produce only relatively sriall perturbations in the résults, It
is seen that a moderately denge (> 10 particles /cm3) plasma with d réasonably
large directed velocity (2 3 X 108 cm/sec) can reéach thé 12 hr cireular orbit

(r = 4,15 Rg), whilé an increase in either particle density or directed velocity
can result {n spacecraft charging at even loweér altitide earth orbits.

3. MODELING

There are various approximate ways of modeling a plusma to make plasma
problerhs mathematically tractable. Each model deals with that portion of plasma
properties which are most pértinent to the problem at hand whilé suppréssing or
ignoring less relevant propertiés. Plasma orbit théory is among those approximate
models often used in situations in which the motions of individual plasma particles
are important, (Hydrodynaniic theory is often uséd for situations in which large-
scale plasma oscillations aré more important than individual particle motion.)

The basis of orbit théory is the conservation of the angular momentum of individual
particles about an axis (for example, the direction of thé magnetic flux lines).
Motion of thé plasma particlés parallel to the lines of magnetic flux is not affected
(to a Hrst approximation), Thus, it is possiblé to separate the thermal and the
directed motions of the plasma particlés by considering them to be paraliel dnd
perpefidicular to the magnetic field, respectively. This simplified motel résults
in a decrease in the directed velocity as the distance from the earth decréases

(for example, as the magnetic field stréngth increases) while leavirig the thermal
velocity unchanged. It is obvious that this model néglects the compressional
heating of the plasmad, which ¢ertairly is a major factor in the production of the hot
plasma in the first place. However, attempts to ihcorporaté compressional heat-
ing resulted in a model in which theé plasma énergy density incréases as rapidly

ag the geomagnetic field energy density, with the consequence that a plasma able to
exist at any altitude could theoretitally reach any other (lower) altitude, This is
clearly at variance with obsérvational data (spatecraft charging anomaliés Have
not béen reported for low-altitude earth orbits).

Based upon the simplified application of plasma orbit theory, it is possible
to write

vidir) = ¥ cos a (6)
whéfe a ig the pitch argle (angle between the velocity vector and the directiofi of

the geomagnetic field). This is sirhilar to the equation of motion foi Van Allen béit
particies. The second invatiart for such particles leads to the relationship
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sin“a = § . ()]

Vair *Vth Y1 B . (8)

Acéording to this modél the average particle thermal velocity (plasma tempeéra-
ture) does not change with altitudé while the directed velocity gradually decreases,
reaching zéro when B = B . . At that point, the plasma enérgy dénsity has been
reduced to the energy density of the geormagnetic field.

The negative voltage to which a body imimersed in a plasma of a given tempera-
ture will change is ~3. 76 times the average eléctron kinetic energy (E,) in électron
volts. The negativé voltage is dué to thé fact that the electrons have much higher
thermal velocities than the protons, and thereéforé impact the spacecraft surface
much more often. ‘

The fadctor of 3.76 is due to the fact that the négative current to an unillumi- :.
nated spacecraft surface varies exponentially with spacecraft voltage (to a first !
approximation) while the positive current variés linearly with voltage. This is a
consequeticé of the fatt that thé electron motion is subsonic while the protoh motion
is dsupérdonic. Mathématically,

i v
J+—Jop (1+?:‘;) 9)

I_=3,, e‘v/v"e (10)
where J_ and J_ are the surface current dénsities as a function of spacécraft
voltage (V), and J oe And J op 3¢ thogeé current densities (including the effects of |
secondaries) when V = 0, Vop and Ve aré the average proton and electron kinetic |
enérgiés in electron \'rolts_, régpectively. Siricé m, = 1836 m , Joe= 1836 J ob ’
= 42.8J . The value of V will increase until J, = J_, assuming rio eléctrical
discharges take place. EquatingJ _to J_ and solving for V yiélds

!

!

A . |

Vv, 3.7s+1n(<v-4';2v) = 3,16V, - (1) .

op

than the primary currents do, this factor of 3.76 cafi be appreciably different in

Sirice the secondary curtént components vary with spacecraft voltage differently 1
many situations, However, sincé the particles Fesporisible for the chdarging have ]
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an dpproximately Maxwellian energy distribution, it is understandable thdt & plasma
with an average electron temperatire of Voe (volts) would charge a spacecraft tc
voltages V > Voe.

4. CHARGING-PARAMETERS

Since, according to this modél, the particle thermal velocities are unchanged
by the directed motion of the plasma toward the earth, the equilibrium voltage
which a spacécraft surface will reach in the plasma will not depend upon altitude.
In the abséncé of electrical discharges, a spatecraft in a 12 hr tircular orbit
(rs 4,15 RE) will ‘herefore theorétically charge to the same potential as one in
a 24 hr geosynchronous orbit (r = 6.6 R). However, the surface current densi-
ties (which determine how fast the spacecraft will charge) will be a function of
altitude. The initial primary surface current density as a function of altituds may
be estimated by calculating the limiting plasma particle density of the plasma just
as its directéd motion has cedséd. Since thé average particle énergy (and the
particle energy distribution) rémains unthanged actording to this model, the par-

ticle density must increase linearly with the energy density of the geomagnetic field.

The ¢alculiated numbérs derived based upon this modél aré shown in Table 1.
At each altitude  thé avérage énergy dénsity of the geomaghetic field (dipole
approximation) was taken as the average thermal énergy density of a stationary
plasma at that altitude. Assuming half of this thermal efiergy density was due to
the electrons, the product E_- N_ was obtained. For each valué of limiting space-
craft potential V, the average eléctron energy was obtained by dividing by 3. 76,

The électron dénsity (em™3) was the quotient of E - N_ divided by E, (E_ =E, here).

The initial primary eléctror - rrent dénsity (J_) was obtained from the equation
J_=N_+q-Vv . (12)

The results listéd in Table 1 are also shown graphically in Figure 2, It is
séen that the calaulated inftial current density ihereases rapidly as orbit altitude
decreasés. This altitude deperiderice decreasés thé importaricé of the photoeléctric
current density (which has dan dltitude -independent value < 1 nA/cm'z) it lower
altitudes. Anotlier consequence of this altitide dependence is that if the spacecraft
surfacé catinot withstand thé equilibrium poténtial to which the plasma can charge
it, the raté at which electrical breakdowns (discharges) occur wiil be much greater
at lower altitudes.

While the calculated surface current densities are larger at low altitudes than
at geosytichronous altitiide, thé probabiiity that a spacecraft will encounter the hot
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_ Ve 3 keV g-wkev Vi keV [V = 20kev |V =25 keV
: o N. |Ee= 1.33 kav|Egw 2,66 kev|Ege 3.9Y keV|Eg= 5.32 kev Ee® 6.65 keV|
kg v semd) |7 w 4.3x10% [T = 6.08x109]|7 « 7.45x10°|7 = 8.6x10° |G = 9.62x10°
6.6 6.5 N_= 4.8 1.44 1.83 1.22 0.97
(24 hr) J.= 3.36 2,38 1.94 1,68 1.50
6 12.5 No= 9,40 4,70 3.13 2,35 1.88
Jo=  6.47 4,57 3.74 3.23 2.89
5.5 20 N. = 15.0 7.52 5.00 3.76 3.01 -
J. = 10,35 7.3 5.96 5.17 4.63
] 36 N. = 27.1 13.5 9.00 6.80 5.40
J_ & 18,6 13.2 10.7 9.29 8.31
4.5 67.5 N. = 50.8 25.4 16.9 12.7 10.2
Jo= 34.9 24.7 26.1 17.5 15.6
4,15 110 N. = 82.7 41.4 7.8 20.7 16.6
(12 hr) J. = 56.8 4.2 32.8 28.5 25.5
3.5 13 N_ = 235.0 117.5 78.3 58.8 47.0
J. = 161.5 114.3 93.3 80.8 72.3
v in co/eees N. in particles/cm’; J. in namps/cm®.
Table 1. Calculated Particle Detisities and Initial Primary Currént Densitiés as
Functions of Altitude (xM = Q0) i
1;
plesma at these lower altitudes is appreciably less. It would be theoretically
possiblé to calculate an altitude-dépéndent probability if data were available con- }
cerniing the probability of entountering a glven plasma energy density at geosyn- 1
chronous altitude. Such data are bécoming available. Howéver, the measured
1.-dependence of the probability of éncouritering > 15 volts on an anténna has been
measured by TMP-63 (se¢ Figure 3). This spatecraft was launched 31 March 1971
{nto a 28.7° elliptical orbit with an apogee of 32,4 Rg and a perigee of 243 km. (
As the data shows, the probability of encountering hot (or at least warm) plasma ‘i
at 4.15 Rjy is approximately an ofder of magnitude less than at 6.6 R, While the :
inclination of the IMP-6 orbit makés analysis difficult, the data suggeést that the
spacecraft charging phefioménum may be moré conimon rear géosymnchronous
aliitude than at any other. !
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