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The Angular Impact Distibution of
Charged Particles Attracted to a

Charged Cylindrical Spacecraft

1. INTRODUCTION

Spacecraft in geosynchronous orbit exhibit charging when immersed in hot

substorm plasmas. The potential that a surfice attains depends both on the

material's properties and on the plasma's characteristics. Secondary emission

of electrons by electrons and ions, as well as backscattering, determine the

floating potential. These are both functions of the angle of incidence of particles

on the surface.

In this work, the angular distribution of incident particles is obtained for

attracted and repelled particles for cylindrical spacecraft. Results are given

for the plane and spherical cases as well.

For isotropic spacecraft materials, the backscattering coefficients, the

secondary emission coefficients, and the shielding efficiency depend on impact

energy and impact zenith angle, but are independent of azimuth angle. According-

ly, only the distribution of impact zenith angles is important. For convenience,

only protons will be considered, the extension to other charged particles being

obvious. First the problem will be precisely defined, then a simplified model of

physical reality set up, and, inally, the distribution of impact angles derived.

(Received for publication 12 May 1981)

.9.

5M O



2. I)EIINITION OF ItROBUAIM

IVrnd theit flux, jo, of p rotons striking an elenment oif arz t]a %% i h Inhp I J:c

kinetic energies wit hin the band V: ± .2i: 2 aInd with impact zen ithI anglts wNithliin

the band (0 1--02

:. MODEL.

[kTe mrodel is that of an infinit ively long cylinder oif raidius H . U1 vonid a

sheath' of radius U.~, the plasmia is isotropic and is at ze'ro' potn'ilial. T'e

potential with in the sheath is mr deled by:

11ln03 If13 ) 1
0 5oRS

The subsc ripts "'o'" and ''s' w ill be use'd to indicate values of va riatbles at HI and

R s . No subscript will be used foi- general values otf R. - l -

In the model, the differential flux NE( ob ) protons cmll- S("c St 'r- tV1 is

a function of ki net ic and potential energies oniv -eXcept in the '' shadoo (i' f the

satellite where it is zero. Both potential (0b) and kinet ic (E') energy are e'xpressed(

in electron volts. Any impact angle and energy corresponding to a tralt'ctorN

originating elsewhere on the satellite is cons ide red to be ''shadowt-d."

4. D)ERIV ATION OF IMPACT' ZENITH ANGIE DISTRIBUTION

The impact proton flux is tht' product oif four factrts, ia niolv: enter gy hand

width, unshadttwed solid angle, projected area, and differential flux. Tlhiis mlay

be written as

jo (610(60Oz sin 0 )(,aA tos 0o)[ f( V, Oof (2)

where Oztotal unshadtrwed azimuth angle. The solid angle is that which would

be subtended at the earth's center by the area enclosed by latitudes () ± .10' 2 and

longitudes 0 ± 0 2 The azimuth angle will be taken as zero perpendicular to the

cylinderIs axis. If shadowing occurs, it will be at the larger angles.

Equation (2) may be rewritten as

=o (AE 60,6A f(E, 01 0 )1 [sin 0o, cos 0 0 ]40 mJ 3



where n 1 maximum unshadowed azimuth angle, b being measured so ziS alwavs

to lie in the first quadrant. The factor 4 accounts fr the four quadrants. A

fur'ther rewriting yields

Jo KOI sin 2 o

0 11 .. ..

Note: sin 2 0 2 2 sin 0 cos 0(1 1) 0

Equation (4) is very general. The geometry of the spacecraft's surface and field

enter into the equation only through 0rI' the maximum unshadowed azimuth angle.

5. SPECIAL CASES

For positive spacecraft potentials, the reverse trajectories curve away from

the spacecraft; therefore, there is no shadowing and

Om 7/2 if 4 - 0 . (5)

From Eq. (4), the angular distribution is:

Jo = (/2) K sin 2 0

The other special case is that of looking for protons of impossibly low energy.

Here we may write

Om = 0 if 4,o -E 0 
;

which has meaning only for negatively charged spacecraft.

6. MAXIMUM UNSHADOWED AZIMUTH ANGLE

The simplest cases have been dealt with in the preceding section. This

section will consider cases defined by:

7



-E < 4 < 0 (7)
0 0

The model has zero axial field. Therefore, the kinetic energy associated with

the axial velocity component is independent of radial position and may be written:

Ea s E sin 2 40 sin 2 0 0 (8)

where E-: is the impact energy and €' and 0 are the impact angles. This rela-

tionship follows from the breakdown of the impact velocity into four components,

as shown in Figure 1. The model has a radial field about the cylinder's axis.

Thus the tangential (i to radial and axial directions) kinetic energy is subject to

conservation of angular momentum and is given by:

E t(R) = E (Ro/R)2 cos2 o sin2 0 (9)

The radial kinetic energy is simply:

SE cos 0 . (10)r

The total proton energy is independent of the radius, and beyond the sheath it

equals kinetic energy. The total energy is thus:

E =E 1 + E < 0 (11)

At the sheath's edge Eq. (11) becomes:

E E S2 s 6 o +sE 2 sin2 00 sin2 0 + (R0/) 2 VK cos 2 (h sin2 6 (12)

and at the satellite'q surface it becomes

E E cos 2 6 + E sin 2b sin 2 6 + E cos 2, sin 2 6 + • (13a)0 0 C 0, 0 0 0 ()

and

Es  0 0 + 0 0 < 0 (13b)

The limiting case corresponds to a vanishing radial energy at the sheath's edge or

to

cos 2 
s 0 (14)

8
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R 0

X>
S,

v41

VSin# Sin&

liguIre 1. Velocity ('onmponlnts. The velocity V
consists of a component (VH V cos 0) in the ra-
dial direction, a component (V a  V sin () sin 0t)
parallel to the axis, and a component
(V T - V cos 0 sin 0) in the tangential directiom
perpendicular to the other components. An1 clec-
tric field exists onlY in the radial direction. ()
and 6 are the zenith and azilnuth an1,'s resper-
lively

By inserting Eq. (14) into Eq. (12) and then equating the I, ft-hand poitlion ,r

Eqs. (12a) and (13b) the following is obtained:

2 / - cos 0
('OS - 9 ,, . (1 )[1 - (Ho/U)-1 sin" 2

Consideration of Eq. (15) and the trivial cases leads to a gcturial ((q1(1:1ll for ta.

maximum unshadowing azimuth angle Ol . It is:r / 1
Cos 2 m I ax 0 , m in 1 F 0-

m1 - o ( 1 ° 
2  s i l l ,2

rr (l7;1
0 tv < m c~ ax,0 ml 1 9 ') c "

l. -( I . s~ n

'Sol.



Equations (4) and (16) together give the zenith angle (0) distribution f protons

striking the surface of a cylindrical satellite.

The angular distribution derivation given has considered only the potential at

the inner (l3 - R ) and outer (H = H s ) edges, not the potential within the sheath

(H < H ). It may be shown that the potential within the sheath is not controlling,

provided that at all points within the sheath it is equal to or more negative than

that of the inverse square potential function:

IR~ R I) *(1, < 0 . (17)[-(Rs/ -"') 0

This function is adjusted to match the model at the sheath's edge. The logarith-

mic function of the model satisfies this condition. The proof is similar to that

given for the spherical case for objects in a gravitational well. The proof is only

valid if the potential is a function of radial position alone.

The distribution of impact zenith angles according to Eqs. (4) and (0i) is

shown in Figure 2 for several cases. The deviations from the symmetrical

sin (2 0) distribution are due entirely to shadowing. The shadowing is equivalent

to a 'horizon" at less than 900 below the zenith due to refraction of the protons.
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igure 2. Distribution of Zenith Impact Angles for Pr,.tons on a Cylindrical
Satellite: (a) Thin-Sheath ( asp
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Figure 2. Distribution of Zenith Impact Angles for Protons on a Cylindrical
Satellite: (c) Thick-Sheath Case



I 'll, vx ix.'r tite is f.xtirt ilr Ilat it Is .'tl . ' .!:t '. 111 1,--

I. l, n'ro del, i,, tv eer, r.';rr .Sert s i y r p st wi n i Itt t it, l.r

I- k ield is ciisr'nt inuous aIt tilt, su 1fati o of I the sn iind 1 ttipp.( XtttO 1 t'11 r

thait end effects aret taken to be vanishintgly' stalll. (tyrix i Fthe ititeSt rtdw is tit

di stal tre ~ l-e mptir'ic tno the t-adius %% ill its fleet e etii v'anishinrgly

srmatll. T'he theol-y does, honwevet-, r~epresent a (tlimit ing case' and, as such, is

use ful1.

8. S( NIN.If

'Vhv angruba r distiribut ion nif impact ing r~epelled parti rlcs is sin (2 0i), is vi von

byv Iq. (4), since ther-e is no( shadowing for- repelled patti, los. IElrct ten. ill i-

lent ,r a negatively char-ged sur'face and ions Oin a positivelY char-ged surace a ill

:ni Irat in th is w ax. In orde r' to calcuilat e sutrfare potentijals, taking arc''l oar

s-' rrdar'xv elect ron emtissioin, one must knew the disttribut itt if' irtrlntc :ri i,

'A i'll :; - he secoridarcv elect i on y'ield as i funct ion (,F angle.

The- an'"lat- disttcibut ion rof impaceting aitti'act id pairtir'les (ele ct r'. ns -in:

p i esurfa' , aind positive ions on a negative surface) is more eertnplwrtted.

Th r:o'ting angaular dlistribution for-'i a nxindr'ictrl sti,rfitn(- for, att trited par I

has-- been der-ived here, ats show n in Figur-es 2 (a), 2 (b), aond 2 (n ) fiata ogi

nyre ri es aind sheath thickness.

Fho i disit 'ibut inn if impact angles (att r'acto~d par-t inles) foc a plane suifti o s

,h, -miirnc as the case if 'zero sheath thickness. For- this case thi' distr ibut,,n ii

p r--orut innal to sin (2 0) for 0 less than w %here(

0 - co s (4 / E)

:ind ',here I.' is the impact energy. If 0 is gr-eater' than 0 '~ ilthe drstvr'but irt furl( -

tin ts zero. F7or spherical surfaces there is nor shadokto ing, so the dist'ibuilor rn

again proportional to sin 2 0 in the thick, sheath limit.
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