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ABSTRACT

A two-dimensional spacecraft charging simulation program called CYLVIA,
which treats infinite-cylindrical geometries with angle-dependence, has been
under development for four years. Two features of this program, its orbit
integration and current collection methods, are discussed. A calculation is
presented of floating potentials of a spacecraft cross-section which is
represented by two conductive sectors, and a comparison is made between the
photoemission current distribution obtained therein and another given by an
approximate analytic surface photocurrent expression by Laframboise and
Whipple.

1. INTRODUCTION

A two-dimensional spacecraft-charging simulation program, called CYLVIA
(CYLinder Voltages in Ionosphere and Above), has been constructed; descriptions
of this program and preliminary results from it have been given previously
(Laframboise and Prokopenko, 1977, 1978; Laframboise et al, 1979). Herein, we
present (Sec., 2) a more detailed discussion of two of its principal features:
the orbit integration and current calculation methods used. We also outline
(Sec. 3) an analytic surface photocurrent calculation which is to be described
in detail elsewhere (Laframboise and Whipple, to be published), and we compare
(Sec. 4) the photoelectron current distribution given by the resulting expres-
sion with a corresponding result obtained using CYLVIA,

2. ORBIT INTEGRATION AND CURRENT CALCULATION

CYLVIA uses a form of the particle orbit equations in which particle
total energy is explicitly conserved. This formulation was adopted because of
a difficulty which arose when using more standard methods to integrate photo-
electron orbits. Accumulation of numerical errors was occasionally found to
change the total energy of an orbit by amounts large compared to the assumed
thermal energy of emission (1.5V), especially near points where orbits were
"reflected" by a potential barrier; this in turn produced large errors in
calculations of photoelectron currents reimpacting spacecraft surfaces.

In order to derive the orbit equations, we consider the motion of a
particle in a plane. We let (r,8) and (vy,vg) represent its position and
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velocity components in polar coordinates (Fig. 1). We let s represent arc
length along its orbit, and G and n represent unit tangent and unit normal-
vectors at a point on the orbit, the latter directed toward its local centre of
curvature., We let p represent its local radius of curvature, We let q,m, and
E represent particle charge, mass, and total energy, and ¢(r,6) represent
-electric potential., The equation of motion m dv/dt= -qWyp reduces to:
TR (aRo 2 )
ds p m
We equate respective components of Eq. (1), and use the relations ds= pd(a+ 6),
dr = cos(g)ds, and r d0=sin(y)ds. We then obtain the orbit equations in the
following form:
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This system is reduced from fourth to third order because the last
equation appears in integrated form. At points where particle reflection from
potential barriers produces cusps or near-cusps in an orbit (do/ds becomes
singular or large), a segment of the orbit is replaced by a parabolic arc.

We illustrate the current calculation method used by CYLVIA by first
considering photoelectrons which arrive at a point on the surface whose normal
makes an angle § with the sunward direction, each of them having originated at
some other surface location 8, (Fig. 2a) and forced to return to the surface
by a potential barrier which surrounds the spacecraft. Their current density
at the surface location given by 8 is:

V= o GUFTT
J(9) = f I B(v,w) (v sinw) (v dv dyw) 3)
v=0 o0

where v = (v 24-ve2)% and w= tan"! (v./vg) are polar coordinates in incident
velocity spaEe at the surface location 0, f=d°N/dv dvg 1s the two-dimensional
velocity distribution, of photoelectrons, and N is tﬁeir number density. By
Liouville's theorem, f is constant along a particle orbit. Assuming that
photoelectrons are emitted with a Maxwellian distribution corresponding to a
temperature T, their emission flux Jph(eo) is related to f as follows:

s 1 m \3/2 -mvy®/2kT

If the sunlit side of the spacecraft has uniform material properties, then
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Jph(90)==Jph(0) cos O, . We introduce dimensionless variables as follows:

Since %mv2+-q@ = %mv°2+-q¢0, (4) and (3) become:
. 1 3/2 _— .
N Jph(eo)(%> e eV (6)
u=co .2 T Xo™ X
. =%/,.‘r N PR J"F dw stnw [Hr©)e ] @)
u=0 w=0

The factor in square parentheses in (7) is evaluated for each u and @ by
integrating the corresponding photoelectron orbit backward to its origin to
find 90 and . To do the integrations in (7), we set up a polar-coordinate
grid in velocity space at the surface location 8, as shown in fig. 2b, where
we have defined u_=-u,, u; = -ug. We approximate F(u,w) = (Z/ﬁ)Jph(eo)exp(xo-X)
in each cell ujsSus<uji],w; < wSWi-1 by (A+ Bu) (C+ Dw) where A, ...,D can be
determined if the values o% F at its four corners are found,again by integrat-
ing orbits backward. Equation (7) then becomes:

Yitl 2 Wi+l
J(8®) =izj j du w? ™" (Aij+-Biju) I dw sinu)(Cij+-Dijw), (8)
] ui w.

J

a form in which all integrals can be evaluated analytically. This method for
evaluating J(0) is essentially equivalent to the "inside-out" method of Parker
and Whipple (1967). The factor exp(Xo~X%) in F(u,w) may vary strongly within
individual cells. The potential barrier which surrounds a spacecraft is

always of finite height, permitting some photoelectrons to escape and ambient
electrons to reach it., This means that the integration in (8) must be perform-
ed over two regions of velocity space, labelled I and II in Fig. 2b, containing
photoelectrons (and secondary and backscattered electrons), and ambient
electrons, respectively. 1In general, f will contain a discontinuity at the
boundary between I and IT (Whipple, 1976) which can produce large errors in the
evaluation of J(8). The integration method used in CYLVIA treats these dis-
continuities explicitly, using bisection searches to find points such as

those circled in Fig. 2b, If the ambient electron velocity distribution is
isotropic, then F in region II will be independent of .

3. SURFACE PHOTOCURRENT EXPRESSION

An analytic expression has been derived (Laframboise and Whipple, to be
published) for the surface current density of photoelectron migration along a
plane surface y=0, in the presence of: (a) a uniform normal electric field
E,> 0, which causes photoelectrons emitted from the surface to reimpact it
(g) a uniform tangential electric field Ey (c) a uniform photoemission current
density gradient Jph'EEdJ h/dx, so that the photoemission current per unit
surface area is Jph(x)==Jph’o+-Jph'x. This photoemission gradient, or
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"production gradient', would ordinarily be caused by a spatial variation in
the illumination of the surface. 1In the presence of (a) and (b), all photo-
electron orbits are parabolas whose axes are parallel to the resultant
electric field vector. It is also assumed that photoelectrons are emitted
with a Maxwellian velocity distribution corresponding to a temperature T }.
The surface current [ in the x direction, per unit distance z perpendicular to
the (x,y) plane, can then be found by integrating over position and velocity
of emission to find the number of photoelectrons per unit z and unit time
which cross the plane x=0 in the direction of increasing x, then subtracting
the corresponding result for decreasing x. The net result is:

43 kT . E kT 2 E .2
r=- 21305 hx'Jtlx(eEh)[z”'w(EE)]' 2
y P Yy y

where e is the magnitude of unit electronic charge.

This result contains, respectively, a potential-gradient term, a
production-gradient term, and a cross-term, The potential-gradient term is
twice that given by Eq. (14) of Pelizzari and Criswell (1978); reasons for
this difference are given by Laframboise and Whipple (to be published). It is
noteworthy that the production-gradient term is enhanced five-fold if
(Ex/Ey)2= 1, in comparison with its value when Ex = 0; this is true regardless
of the sign of Ex.

4. RESULTS AND DISCUSSION

Figure 3 shows a CYLVIA calculation of equipotential contours surrounding
a cylindrical spacecraft cross-section whose surface consists of two independ-
ently floating conductive sectors, the smaller of which is shaded and subtends
an angle of 90°. 1In this calculation the ambient ion and electron velocity
distributions are double Maxwellians with the following properties:

Ni1 = 1 cm™3 Nei1 = 1 cm™
Tii = 20 eV Tel = 500 eV
Ni2 = 1 em=2 Ne2 = 1 cm™S
Tiz = 104 ev Tez = 5000 eV

The photoelectron charge flux erh is 45x 10~8A/m® at normal sunlight incidence.
Tph==1.5 eV. Secondary and backscattered electron fluxes are assumed zero.
Ambient ion and electron and photoelectron currents are calculated using numer-
ical orbit-following as described in Sec. 2. The computation grid in (r,6)
contains 65 x 48 intervals., The computation grid in (u,w) contains 8x 16 inter-
vals for each Maxwellian component of each particle species, apart from
bisection searches (Sec. 2) which give finer resolution. Linear space charge
is assumed [Laframboise and Prokopenko, 1977, Eq. (3)]. The above-mentioned
plasma parameters imply an ambient Debye length of 32.5 meters; spacecraft
radius rg is 1 meter. The outer boundary of the computation grid is at efr =
148 r . The most noteworthy feature of figure 3 is a negative saddle-point
potential barrier which surrounds the larger sector, and whose height varies
from about 2 volts at the sunward point to several hundred volts near the

edges of this sector.

712



The resulting normalized current densities j;j, jg, and j ph of ambient
ions, ambient electrons, and photoelectrons are shown as functlons of surface
position in Fig. 4. We have made a separate calculation of j ph using Eq. &)
with the tangential electric field Eyx set equal to zero since the spacecraft
surfaces are conductive. To use (9), we note that the net photoelectron
flux out of the surface is equal to the divergence of I with respect to
surface coordinates. In our geometry, this means that

= _-1 dr_ 4 d r(%Tph deh out
Jph,net in=Jph,in- Jph,out = gg T 7.2 [(eEr (10)

n

where
edeh,out/de = -45% 108 sin® A/mf (-%ﬂ < 8 <15-rr) )

and the radial electric field E, is obtained from the numerical solution for
¢(r,B8) used to construct Fig. 3. Net photoelectron currents obtained in this
way are shown as dashed curves in Fig. 4. We see that near 6=0°, the net
outward photocurrent is badly underestimated by Eq. (10) since the potential
barrier for electrons at this location is not much higher than the photoelec-
tron mean thermal energy, so a substantial fraction of photoelectrons escape,
and this is not allowed for in Eqs. (9) and (10). However, in the interval
30° £68<90°, where photoelectron escape is negligible, agreement between

Eq. (10) and the numerical result is much better. The numerical result is
about 107 to 207. above that given by (10); the most important reason for this
difference is probably the fact that the tangential electric field, although
zero at the spacecraft surface, is nonzero outside it, and the form of the
cross-term in (9) indicates that the production-gradient current [which is the
one calculated in Eq. (10)] is strongly sensitive to such fields. We have
shown the photoelectron current as decreasing to zero almost discontinuously
beyond 6= 90°, because the average angular distance of photoelectron migration
in the electric fields at this point (Eg=0, Er= 1824 V/) is about 0.1°,

Another noteworthy feature of Fig. 4 is the decrease in the flux of
ambient electrons at larger 0, caused by the increasing height of the
potential barrier as one moves away from the sunward point 8= 0°
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Figure 1. Coordinate system and definitions for particle orbit integration.
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Figure 2. Position-space (a) and velocity-space (b) coordinates for
calculation of incident current density at a surface point. Figure 2a shows
several particle orbits incident at a surface point 6, one of them having
originated at the surface point 8o,

Figure 3. Equipotential contours around a cylindrical spacecraft cross-section
with two conductive sectors having angles of 270° and 90°. Sector potentials
are -2.265 kV and -11.88 kV, respectively. Other data pertinent to this
calculation are given in Sec. 4. The radial coordinate in this figure is

1+ In(r/xg) vhere rg is spacecraft radius.
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Figure 4, Current densities vs surface position for the situation shown in
Fig. 3 and described in Sec. 4, 1In this figure, normalized current density j
is defined as J/J,of, where Jp.of is the random flux of Maxwellian ions having
a temperature and density of 1 keV and 1 cm~3, Approximate photoelectron
currents jy,p, obtained using the approximate surface current(current sheet')
model given by Eqs. (9) and (10) are shown as dashed curves.
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