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ABSTRACTK
This report describes work done under grant AFOSR-76-2962.

This work has included the development of computer programs for

simulating spacecraft charging at three levels of complexity:

LOCHG, a relatively simple local-charging calculation; CYLVIA, a

two-dimensional simulation program for treating cylindrical

spacecraft cross-sections, and XYCIC, a simulation program for the

treatment of a larger variety of two-dimensional geometries. This

work has also included studies of two physical phenomena which are

fundamental to an improved understanding of spacecraft charging:

the "threshold temperature" effect and the "barrier" effect. Also

included&s a derivation of two results which appear likely to be

of U uture simulation studies: an analytic expression for

photoe on currents on surfaces with variable illumination in

electric fields, and a perturbation technique for calculating

space-charge density and flux along particle orbits.
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1. INTRODUCTION

The performance of many satellites in geostationary orbit

has been degraded by anomalous events which include frequent

spurious spacecraft commands and in some cases permanent damage

[Rosen, 1975; McPherson and Schober, 1976]. These events invariably

appear to involve electrical discharges caused by differential

charging of spacecraft surfaces to large relative potentials. The

latter condition is known to result from the large average

energies (up to a few keV) of the charged-particle environment at

geostationary-orbit altitude, particularly in disturbed magnetospheric

conditions. In order to be able to design spacecraft in future

which do not suffer from such difficulties, it is important to be

able to make reliable predictions of them on proposed spacecraft

configurations. The ability to make such predictions requires

improved understanding of the plasma sheath which connects a

spacecraft with its environment in such conditions. This sheath is

more complex in many ways than those which usually surround

lower-altitude spacecraft because at geostationary-orbit altitude,

the fluxes of incident electrons, secondary and backscattered

electrons, and photoelectrons can all have comparable magnitudes

and usually vary by large amounts over the surface of a spacecraft,

and the relative weakness of space-charge shielding (large Debye

length) means that electric fields due to charging of one part

of a spacecraft surface can readily extend around the spacecraft to

other parts, including those on its other sides, exerting strong

influences on charged-particle collection by them and hence on

their charging.

Because of the magnitude of the spacecraft-charging problem,

a joint USAF-NASA programme was commenced during the 1970-1980

decade to study it, including the launching of the P78-2 (SCATHA)

satellite, which was specifically devoted to the study of the

high-altitude charging process, and also including theoretical work

on the nature of the spacecraft-environment interface problem: this

work was to be closely coordinated with analysis of SCATHA observations.
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The work described in this report is part of this theoretical effort.

This work has been conducted using a number of different

approaches. In Sec. 2, we describe a relatively simple local-current-

balance calculation of charging which formed the first phase of it,

and led to the discovery that floating potentials (voltages) of

many spacecraft surface materials can have more than one possible

value in certain, frequently-occurring, space environments; the

possibility that this might occur had been earlier predicted by

Whipple (1965). Attempts to gain further understanding of the

conditions in which this might occur led to the realization that

this was one of several closely-related phenomena which could all

be explained in terms of a newly-defined property of spacecraft

surface materials, the threshold material temperature for high-voltage

charging (Sec. 3). We present herein a table of these threshold

temperatures, calculated for a variety of spacecraft surface

materials. A second phase of our effort was the development of

a more elaborate, two-dimensional spacecraft charging simulation

program called CYLVIA, which treats the regions around circular

spacecraft cross-sections (Sec. 4). We have also begun development

of another two-dimensional simulation program, called XYCIC (Sec. 5),

which treats a wider class of two-dimensional geometries than does

CYLVIA. The effort to develop CYLVIA, together with efforts by

other workers (Sec. 4.6), led gradually to an understanding of the

importance of the barrier effect, an example of which is presented

in Sec. 4.6.

A related phase of our work has been an effort to develop

efficient numerical techniques, and analytical replacements for

some numerical procedures, which will be of general use not only

in our own simulation programs but also in other spacecraft-charging

simulations. To this end, we have developed an analytic expression

for the electric current produced by photoelectron migration on a

surface with spatially-varying illumination in an electric field

(Sec. 6), and a perturbation technique for calculating current
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density and space-charge density carried by collisionless charged-

particle orbits (Sec. 7).

Listings of computer programs developed as part of this work

appear in Appendices A-E.

I
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2. LOCHG: A LOCAL-CHARGING CALCULATION

2.1 INTRODUCTION

In order for high-voltage differential charging of a spacecraft

to occur, some of its surfaces must charge to large (usually negative)

potentials (voltages) relative to space. The amount of such

absolute" charging, for the surface at the largest potential , is

generally simpler to estimate than are the differential potentials

between this surface and others. On the sunlit side of a spacecraft,

photoelectron emission tends to compensate for incident electron

fluxes. Sunlit-side surface potentials therefore are generally

less negative than shaded-side potentials, and may be slightly

positive if photoemission flux > ambient random electron flux.

Therefore, an approximate upper bound on differential charging

magnitudes can be obtained by simply calculating floating potentials

of electrically-isolated shaded surfaces, relative to space pot-

ential. In the present work, we have attempted to obtain upper

bounds on these floating potentials, which in cases of interest are

usually highly negative, because these bounds constitute "worst

cases" for design purposes, and also because unlike wore exact

calculations, they can be obtained from simple current-balance

calculations. Furthermore, it is sufficient to consider local current

balance only, because this corresponds to an electrically-isolated

surface element, which is also a "worst case" for differential

charging. To calculate these bounds, we have constructed a

computer program called LOCHG (LOcal CHarGing), which extends a

previous calculation by Knott [1972], of the floating potential of

a spherically-symmetric geostationary-altitude satellite in

eclipse. A listing of LOCHG appears in Append., A. To

investigate geometrical effects, we have replaced Knott's use of the

Mott-Smith and Langmuir [1926] orbit-limited current expression for

collection of Maxwellian ions by a unipotential sphere, by the

corresponding expression for an infinite cylinder;
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both expressions have been shown[Laframboise and Parker, 1973] to be

upper bounds for collisionless ion collection as a function of local

surface potential, for three- and two-dimensional collectors,

respectively, regardless of collector shape, sheath potential, or

potential of other parts of the collector. This replacement causes

a large decrease in ion collection and a correspondingly large

increase in negative shaded-side floating potentials (Sec. 2.3).

Another important ion-current restriction may be caused by "effective-

potential barrier" or "angular-momentum selection" effects [Bernstein

and Rabinowitz, 1959; Laframboise, 1966; Laframboise and Parker, 197 3j,

in which the presence of less-negative sunlit-side potentials produces

dipole and higher moments in the sheath potential [Fahleson, 1973] ,

causing steepening and contraction of the potential well surrounding

the shaded side (Fig. 2.1). A similar steepening effect will also

occur if an isolated shaded surface element is surrounded by adjacent

shaded surfaces which for any reason have less-negative potentials

(Fig. 2.2). The most extreme possibility would be a potential profile

which was equal to space potential almost to the spacecraft surface,

then fell discontinuously to surface potential. This limit would

correspond to a "planar sheath" situation in which the ion collection

on any shaded convex surface would be given by just the ion random

flux. This amounts to a further ion-current restriction which

produces even larger increases in negative shaded-side floating

potentials (Sec. 2.3). This situation corresponds to a velocity-space

cutoff boundary for incident ions which is "one-dimensional"; the

cutoff boundaries corresponding to spherical and infinite cylindrical

collectors are, respectively, "three-dimensional" and "two-dimensional"

(Sec. 2.2) [Laframboise and Parker, 1973].

We also show (Sec. 2.3) that if shaded cavities containing

isolated surfaces exist on a spacecraft, negative potentials on such

surfaces may surpass even these predictions. In some cases, more

than one possible floating potential results from the calculation.

This has several implications (Sec. 2.3), including the possibility
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(a) of "bifurcation phenomena" in which adjacent isolated surfaces of

the same material may arrive at different floating potentials as a

result of differences in their charging histories (b) that large and

relatively sudden changes in surface pot -tials may result from

gradual changes in ambient velocity distributions (c) that such changes

may also result from relatively gradual changes in beam emission

currents in a beam experiment. In Sec. 2.4 we calculate effects of

ion drift motion on floating potentials.

We have also modified Knott's calculation in another way, by

including currents due to electron backscattering (Sec. 2.2). These

currents will tend to decrease net electron collection, thereby making

floating potentials less negative than otherwise (Sec. 2.3). A process

not included by either Knott or ourselves is secondary electron

emission due to ion impacts; this will also tend to make floating

potentials less negative. Ion-produced secondaries have been included

in a calculation by DeForest [19723 of the floating potential of a

shaded aluminum surface. However, no direct comparison is possible

between his result and ours (Sec. 2.3) because we have used different

ambient velocity distributions than his.

2.2 THEORY

The ambient electron energy distributions used in the present

work are a model quiet-time spectrum (Knott [1972], Figure 1) and a

model disturbed spectrum (Knott [1972], Figure 2b) based on measurements

by Shield and Frank [1970] and DeForest and Mcilwain [1971], respectively.

Both of these distributions, and also the ambient ion distribution,

are assumed isotropic. The disturbed spectrum was chosen from the

three used by Knott because it has a higher average electron energy

(%4keV) than the others. In using it, we have changed it as follows:

in the energy ranges 0.5 keV: E i0 keV and 10 keV ES40 keV, we have

replaced Knott's differential energy spectrum by /x 108 E- and '2x

109 E- 3/2 electrons/cm 2 sac steradian keV, respectively, where E is
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energy. These relations are simpler than those indicated by Knott, and

they also bring the model spectrum into closer agreement with the data

on which it is based. We therefore believe that they may have been the

ones actually used by Knott, and that the corresponding parts of Figure 2b

in his paper may be incorrectly plotted. For any spacecraft surface

having a negative potential 1s < 0, or for a three-dimensional (e.g.

spherical) surface having s > 0, the orbit-limited flux (particle current
r

density) Je of ambient electrons is given by LLaframboise and Parker,

1973]

=_ fv d 3 1
eJ2

J J f(E)(v cos 6) (v2 sin 0 dvded*)
E=max(0,-es ) 9=0 =0

CO5

= F (i+e~s/E)(dJ eo/dE) dE (2.1)
max(0,-e s

where e is magnitude of unit electronic charge, s is local surface

potential, dJ /dE is the ambient energy-differential flux incident on
eo

one side of an arbitrarily oriented surface element, vn is the inward

velocity component normal to the same surface element, (v,e,p) are

spherical coordinates in velocity space with vn as polar axis, and

E - me v2
i

Sme2 -e. dJ/dE is r times the energy-differential flux per

steradian used by Knott [1972], and is given in terms of the ambient

electron velocity distribution f= d 3N /d3 v by the relation

dJ eo/dE = 2fE/m 2, where m is electron mass and N is ambient ioneoe e
or electron number density. Since f is isotropic, f_- f(E). The factor

(1 +et /E) in (2.1), which appears to have been neglected by Knott,
5

leads to a divergent integration in (2.1) if s > 0, unless dJ /dE- 0
s eo

as E- 0, i.e. f(E) remains finite as E- 0. This implies that the

differential fluxes in Knott's Figures 1- 3 must approach zero linearly

with E at E values smaller than those shown in these Figures. In the

present work we have introduced a linear rise in dJ /dE from 0 to 1 eV.
eo

We have also introduced a sharp upper cutoff at 50 keV in the quiet-time

spectrum, also in order to avoid a divergent integration when calculating

average energy for use in backscattering calculations (see below). The

resulting values of N are 5.43 cm- 3 and 5.39 cm-3 for the quiet-time
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and disturbed spectra, respectively. These values are consistent

with those quoted by Knott [1972] for the corresponding spectra. The

resulting values of the average ambient electron energy E are 0.176 keV

and 4.17 keV, respectively. The incorporation of these changes has a

relatively minor influence on Knott's results [Prokopenkc and Laframboise,

1977, Table 11

In order to obtain the orbit-limited electron flux expression for

an arbitrary cylindrical collector, the lower integration limit in (2.1)

must be replaced by the two-dimensional velocity-space cutoff boundary

E = max(0,-es ), where E. is the total energy of transverse motion

(me(v 2 + Vy2) e , and we have chosen a z coordinate perpendicular to

the cylinder cross-section. If s > 0, this complicates the integration

in (2.1), which may then be done in either of two ways. The first

Laframboise and Parker, 1973, Eq. (6)1 is to convert (2.1) into an

integration using cylindrical coordinates in velocity space. A more

convenient method [Mott-Smith and Langmuir, 1926; Polychronopulos,

19733 is as follows. We choose rectangular coordinates (vn, vt , vz)

in velocity space, such that vn is the velocity component in the inward

normal direction at the collector surface. Then vt and vz become

tangential coordinates, with vt in the plane of the cylinder cross-section.

We then transform to spherical coordinates (v,O,f) with v. as polar axis.

Then: v z = v cos 6 , v = v sine cos ' , and v t = v sin9 sin . The
n

condition E, 20 is equivalent to sine 1 [e's/(E+ e's)] . For s > 0,

Eq. (2.1) is then replaced by:

J f v
e n

2=TT =/2 9O-TT/2

=2J. f(E)(v sin9 cos4) (v 2 sinedvdedO)

= ,-2=-Arc sin[ets/(E+ S)]

2 r E (Ee () 1+
- -Arc sin( 2 + ( (I+ 

e  s  dJeo
= L E+ej + E+el) -s- dE (2.2)



In comparison with Eq. (2.1), we see that the integrand in (2.2)

contains an extra, energy-dependent weighting factor, which arises

from integration of v over the fractional solid angle over whichn

ambient electrons can reach the collector at each energy.

A similar procedure is advantageous in obtaining the

one-dimensional (Sec. 2.1) orbit-limited flux expression. In this

case, the lower limit in (2.1) must he replaced by: n=rmax(O,-ef ),

where En = mevn2 
- e. This time we transform (vn, 't , v ) to

spherical coordinates (v, e , with vn as polar axis. The condition

En-0 is equivalent to cos5 > e /(E+e: ) . For 0 >O, Eq. (2.1)

is now replaced by:

F=. =Arc cos[ets/(E%4ets) '
JI r f (E)(v cos @)(27v sin 6dvd9)

e E=O " a=0dJeo

S dE dE (2.3)

0

independently of collector potential, as expected.

The corresponding expressions for ion flux Ji are simpler because

the ions are assumed to be Maxwellian. Corresponding to the three-,

two-, and one-dimensional velocity-space cutoffs described above, we

obtain, respectively [Mott-Smith and Langmuir, 1926; Laframboise and

Parker, 1973], for ion-attracting surface potentials Xi s 0:

(l+X is) (2.4)

J. = J. [2(Xi/T) + exp(Xs) erfc (xis)] (2.5)

(1) (2.6)

where X.s = -e s/kTi, k is Boltzmann's constant, T. is ion temperature
L

and Jio is the ion random flux N (kTi/2nrmi) For ion-retarding surface

potentials X. <0, we obtain:
Is

. =. J. exp(Xis). (2.7)
L 10 is
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We have assumed, following Knott [1972 , that T i = 1 keV, and that

the random ion-to-electron flux ratio J io/J eo= 0.025. Making these two

assumptions simultaneously causes ambient charge neutrality to be

violated in general. Large apparent violations of charge neutrality

are frequently observed in measurements made by particle energy

analyzers. Such discrepancies are believed to result from failure to

measure particles outside the energy ranges of these analyzers, especially

at energies of a few volts or less [DeForest and McIlwain, 1971 . Our

calculations therefore neglect any current contributions which may be

made by such particles.

For the secondary electron fractional yield 6(E), we have used,

following Knott F1972], the relation of Sternglass F1954a7

6(E) = 7.4 max (E/Emax) exp [2(E/Emax (2.8)

We have used values of 6 m and E from Gibbons 1966]

Hachenberg and Brauer [1959], and Willis and Skinner [1973].

The process of electron backscattering, which was not included in

Knott's calculations, becomes important at incident electron kinetic

energies larger than those for which secondary emission is dominant.

For the backscattered electron fractional yield n, we have fitted the

results of Sternglass [1954b] and Palluel E1947] with a relation of the

form:

n(E) = A - B exp(-CE) (2.9)

where the coefficients A, B, and C are functions of the atomic number

Z of the surface material. We have evaluated A, B and C for each

surface material considered (Sec. 2.3) by substituting Sternglass' and

Palluel's values of n at 0, 1 and 16 keV, into Eq. (2.9). For compound

surface materials, we have used an atomic number given by a weighted

average of those of each constituent. There exist more recent

measurements of n [Thomas and Pattinson, 1970; Darlington and Cosslett,

1972] which give generally larger values than those of Sternglass or

Palluel, especially for electrons having near-tangential incidence.
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Increased values of 6 have also been measured for electrons having

non-normal incidence [Allen, 1939; Dekker, 1958] . In a separate calcul-

ation (Sec. 3), we have included angle-of-incidence effects on 9 and Lut

here we have ignored these. We have therefore underestimated both and

7, and our predicted floating potentials in Sec. 2.3 will therefore be

somewhat more negative than more realistic corresponding values.

When s > 0, not all secondary and backscattered electrons will

escape. To calculate flux escaping, we assume [Sternqlass, 1954b; Chung

and Everhart, 1974] that both secondary and backscattered electrons are

emitted with Maxwellian velocity distributions having thermal energies

E = kT = 3 eV, and E = kT = (0.45 + 2 x 10- 3 Z) (E + e ) eV,sec sec scat scat s

respectively, regardless of the form of the incident velocity distribution.

Here, (E +eOs ) is the average incident electron kinetic energy. We

further assume that escape of emitted electrons is orbit-limited, i.e.

that no barriers of effective potential [Bernstein and Rabinowitz, 1959;

Laframboise, 1966; Laframboise and Parker, 1973] or negative barriers

of electric potential exist on the shaded side. {Fahleson [1973] has

pointed out that such a barrier is likely to exist on the sunlit side

independently of any space-charge effects, if substantial shaded-sunlit

differences exist in s" Such a barrier would cause most electrons

emitted from the sunlit side to be recollected, driving sunlit-side

potential just negative enough to almost destroy the barrier [Sec. 4.5];

[Katz et al, 1979, Figs. 17-21]}. The expressions for the escaping

secondary and backscattered fluxes Jsec and J scat therefore are:

J =se 5(E+ e s) (I + es /E) (dJeo /dE) dE (2.10)
-ec e

,(E+ es M+ ets/E) (dJ /dE) dE (2.11)",Cat = s eo

if s < 0. If s > 0, the three-, two-, and one-dimensional cases must be

considered separately. We define Xse c = e s/kTsec and X scat = es/kTscat*

For brevity, we consider only the secondary fluxes; the corresponding

results for backscattered fluxes may be obtained by replacing 6 by n

and s by Xscat throughout. If J is the emitted flux of secondaries,
sec scatS
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then their velocity distribution at the surface is fs = (J s/27)(me/kTsec)

exp(- me v 
2/kT ). In the three-dimensional case, the cutoff conditionesec

for their escape is E = meV _ e~ s > 0. We redefine

component in the outward normal direction, and we use spherical coordin-

ates as defined in connection with (2.3). We obtain, for the escaping

secondary flux:

J =3f v
sec S n

0019=2 exp(-m vA/kT se)(v(2Tv 2 sin dvd)

217\kTsec = = 0 e sec
E=O 8=0

(1 + Xe )exp(-X s 8 (E+e$ ) (l+ets/E)(dJ /dE)dE. (2.12)
sec sec S s eo

The factor (1 +X ) is noteworthy, because it is specific tosmc

three-dimensional, as opposed to planar, sheath geometry. In the

two-dimensional case, the cutoff condition for escape is me(vn2+Vt-)-es> 0,

and the integral for Js contains the extra weighting factor which appears

in Eq. (2.2). It is convenient to use spherical coordinates as defined

in connection with (2.2). We obtain:

J =[2(Xs/T)2 + exp(Xs) erfc(X exp(-Xs)
sec sec sec sec .j sec

.0 E Ee s _co dJe

f ![Arc sin(E es + ( s) (I+ d- dE

0 Ets~
(2.13)

In the one-dimensional case, the escape condition is Imvn2men-e4> 0,

and we again use spherical coordinates as defined in connection with

(2.3). We obtain:

sec = exp(-X ) secM(E+ ets)(dJ /dE) dE (2.14)

The floating potential(s) of an isolated shaded surface element is

(are) now given by the zero(s) of the function:

Jne J*- J + J + J "(.5net 1 e sec scat (2.15)

2.3 RESULTS AND DISCUSSION: SHADED CAVITIES AND MULTIPLE FLOATING POTENTIALS

Table I shows floating potential values obtained using the program

LOCIHG, which performs numerical solution of the equation J 0, where
net

Jne is given by Eq. (2.15) An important feature of Table 1 is the very
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large floating potentials which are evident in disturbed conditions in the

presence of the two- and one-dimensional velocity-space cutoffs. The

dramatic differences among these results are evidence that spacecraft

geometry and sheath potential shape are important influences in determin-

ing floating potentials. As floating potential becomes more negative, it

also becomes more sensitive to the presence of small amounts of high-energy

electrons. This means that if a spacecraft should encounter conditions

that are "more disturbed" than those given by Knott's spectrum 2b, the

values in Table 1 most likely to be significantly exceeded are those for

the one-dimensional cutoff. This implies that for design purposes in which

worst-case information is desired, it is important to do calculations with

the 'most disturbed" electron spectra available. In obtaining these results,

we have made no attempt to calculate the charging times involved.

Also evident in Table 1 are situations in which the current-voltage

characteristic of the surface has three roots. For these to occur, it

is necessary that be substantially greater than one, and that the
max

ambient electron spectrum be at least slightly non-Maxwellian (Sec. 3).

The latter requirement arises because if the incident electrons are

Maxwellian and ion-produced secondaries are ignored, the ratio of total

secondary emission curren. to incident electron current will then

be independent of for < 0, and the total secondary emission
s s

will therefore be a monotonic function of sfor s< 0. (An exception

to this, in which a triple-root situation occurs with Maxwellian ambient

electrons, has been found by Meyer-Vernet (1982), but this exception

applies only when Te < Tc a condition which is not applicable here;

see also Sec. 3). The centre root never represents a possible floating

potential, because it is "unstable" in the sense that a small change in

surface potential would cause a net current collection of a sign which

would drive the surface potential away from this root to one on either

side. Various consequences of such a situation are discussed later in

this Section. A similar phenomenon in electronic image storage devices

has been discussed by Kazan and Knoll [1968, pp. 17-19].

In comparison with the results of Knott [1972], Table 1 includes

the further addition of backscattered electron flux (Sec. 2.2) . In most

cases, the effect is a moderate reduction of negative floating potentials.

In some cases, the reduction is large, as in the case of a gold surface
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exposed to the "quiet" spectrum. In several other cases, all associated

with the quiet spectrum, backscattering changes a multiple-root

to a single-root situation [Prokopenko and Laframboise, 1977]. As

indicated in Sec. 2.2, we have probably underestimated secondary and

backscattered fluxes caused by electron impacts, and we have also (Sec. 2.1)

ignored secondary electron emission caused by ion impacts. Both of these

effects would tend to further reduce negative potentials. For

ion-produced secondaries, fractional yields at energies from 5 to

50 keV are generally of order unity to several times unity for metallic

surfaces [Cousinie et al, 1959; Ray and Barnett, 1971; Baragiola et al, 1979]

so substantial reductions due to this cause can be expected whenever ion

collection plays an important role in total current balance. In compar-

ision with the results of Table 1, potentials reaching -19k, on the ATS 6 space-

craft in eclipse have been observed (E.C. Whipple, Jr., private communication).

Figures 2.3- 2.7 show current-voltage characteristics for some of

the situations in Table 1. Figure 2.3 shows a "typical" single-root

situation in which secondary and backscatter contributions do not change

the general shape of the net current curve. Figure 2.4 shows the

above-mentioned case of gold exposed to the quiet spectrum, in which the

backscatter contribution changes a large predicted negative floating

potential to a much smaller value. iigure 2.5 shows a triple-root

situation. Figure 2.6 shows the disappearance of a triple-root situation

because of backscatter. In Fig. 2.7, secondary electron current is

sufficient by itself to prohibit a negative floating potential.

We now examine situations which may arise in the case of spacecraft

which have shaded cavities containing electrically-isolated interior

surfaces. Figure 2.8 shows an idealization of such a spacecraft. We wish

to show that the effects of surface concavity may cause ion collection

to be reduced more than net electron collection at an interior point

such as B, relative to an exterior point A; such a situation would

result in floating potentials more negative than those of Table 1. To

demonstrate this possibility, we first note that in the presence of an

isotropic ambient plasma, incident fluxes to any surface depend only

[Laframboise and Parker, 1973J on the locations, in velocity space, of
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the cutoff boundaries inside of which the orbits of ambient particles

can connect "from infinity" to the surface. Figure 2.8 shows a set of

the associated "cutoff orbits". We see from Fig. 2.8 that the included

angle between cutoff orbits has been reduced in going from A to B for

ions but not for electrons, for which orbits tangential to the surface

are shown as reaching both A and B and the range of allowable directions

remains 1800. Accordingly, the incident ion current contribution for the

energy shown will also be reduced, but the electron contribution will not.

This picture is invalid for higher-energy electrons at B, whose orbits

are straighter and will have a greater tendency to connect back to the

interior surfaces of the cavity. Even though such higher-energy

orbits will generally have lower populations than lower-energy orbits,

it is not clear whether the relative current reduction at B will be

greater for ions or for electrons. Therefore, this argument demon-

strates only the possibility that the bounds in Table 1 will be exceeded.

On the other hand, this possibility will be enhanced by the effects of [
secondary and backscattered electrons, which will tend to be recollected

inside any cavity, rather than escaping into space, thus tending to

increase net electron collection and driving floating potentials more

negative. This effect will be strongest for backscattered electrons

because their higher emission energies will cause them to have straighter

orbits. The detailed numerical simulation required to draw firm conclusions

remains to be done. An additional feature of cavities is their generally

higher outgassing pressures, which will increase any tendencies for arcing

to occur. More negative floating potentials may also result if the

ambient electron distribution contains beam-like constituents [DeForest,

1977] which happen to be directed into a cavity. Severe arcing problems

are known to have occurred between electronic components mounted inside

a cavity at one end of the DSCS spacecraft.

Finally, we discuss some further implications of the multiple-root

results shown in Table 1 and Fig. 2.5. We first consider a situation

involving a shaded, isolated spacecraft surface whose external conditions

change with time, as in the case of time-varying ambient distributions,



in such a way as to produce an evolution from a multiple-root to a

single-root situation. if a spacecraft surface were floating at a pot-

ential corresponding to a root which disappeared, a large and relatively

sudden change in surface potential would occur, even if external changes

were gradual. In many situations, rapid redistribution of potentials on

other parts of the spacecraft would result. In order to examine this

situation in more detail, we illustrate it schematically in Fig. 2.9.

In Fig. 2.9a, the current-voltage curve at an earlier time t

has three roots. The two roots furthest apart, la and t lb' correspond

to stable floating surface potentials; these are typically from one to

ten kilovolts apart. As a result of a changing environment, this curve

evolves continuously into the one shown for the later time t 2 1 which has

only the single root 2*If the surface happened to be floating at the

voltage at time ti, then a sudden positive change in surface voltage,

toward the voltage p2 , would occur as soon as the two left-hand roots

disappeared.

In Fig. 2.9b,a spacecraft surface floating at the more

positive root (at ~l~would undergo a sudden negative change in voltage,

toward 2'as soon as the two right-hand roots disappeared. Sudden voltage

changes have been observed both on the SCATHA (P78-2) satellite and in

numerical simulations (Sec. 3.1; Schnuelle et al, 1981; Stannard et al,

1982).

Similar sudden changes could occur on a spacecraft which was

emitting a changing ion or electron gun current, if an increase or

decrease in gun current were to provide enough net current to a

surface to cause it to change from one stable floating potential to

another. Again, such a change would be relatively sudden even if

beam current changes were gradual.

A different effect could arise if the situation evolved in reverse

fashion, so that t 2 were now the earlier time. Consider a spacecraft whose

rotation carries a number of independently-floating surface panels from

sunlight into shade, one after another. Suppose the situation evolves as

in Fig. 2.9b. A surface already in the shade when the environment

changed would go from voltage ' 2 to tla* However, a surface which was
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still in the sun, and wse photoemission current held its voltage

close to Plb' would go to lb when it entered the shade. As a result,

two adjacent surfaces made of the same material could easily come to

quite different voltages in the same environment, with a resulting danger

of arcing between them.

In Sec. 3, we examine in detail the conditions in which multiple

roots can occur.
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2.4 PREDICTION OF ION DRIFT EFFECTS ON SPACECRAFT FLOATING POTENTIALS

2.4.1 INTRODUCTION

The plasma environment of high-altitude spacecraft has been

observed to involve ion velocity anisotropies which sometimes become

comparable to ion mean thermal speeds. These anisotropies are varied in

nature, but a qualitative estimate of their effects on spacecraft charg-

ing may be obtained by considering the effects of a relatively simple

anisotropy, namely the addition of a drift to a Maxwellian velocity

distribution. Such drifts may cause an electrically-isolated spacecraft

surface to float at a substantially increased negative potential if it is

simultaneously shaded and downstream relative to the drift direction. In

this Section, we present a calculation of upper and lower bounds on such

potentials for a spherical spacecraft, based on the fact that ion collect-

ion on the spacecraft at its downstream point is bounded above by the

corresponding current which would be collected if the spacecraft were

an equipotential (i.e. were more attractive for ions elsewhere on its

surface than it is in reality) and bounded below by the corresponding

result for a sphere at space potential. The results show that (1) the

ion speed ratio at which drift effects become "important" (i.e.

change the floating potential by at least 10%) can be as low as 0.1, and

may be decreased if the ambient electrons are non-Maxwellian; (2) the

effects of ion speed ratio increase with increasing ion-to-electron

temperature ratio; (3) negative floating potentials for drifting

Maxwellian ion velocity distributions with speed ratio unity are typically

about twice as large as the corresponding potentials for nondrifting

conditions. We now examine the effects of ion drift in detail.

If a spacecraft is exposed to ambient ions whose drift velocity

U is comparable to or larger than their most probable thermal speed

[ion speed ratio Si= U/(2kTI/m) 1, where k is Boltzmann's constant

and m i and Ti are ion mass and assumed ion temperature], a large decrease

in ion flux Ji to downsteam surfaces will occur. Unless such surfaces

are able to expel surplus incident electron fluxes, e.g. by photoemission,
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U is comparable to or larger than their most probable thermal speed
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and mi and Ti are ion mass and assumed ion temperature], a large decrease

in ion flux Ji to downsteam surfaces will occur. Unless such surfaces

are able to expel surplus incident electron fluxes, e.g. by photoemission,
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their floating potentials will become substantially more negative as a

result. If the ambient electron temperature T is simultaneously large,e

or more generally the ambient electron energy distribution has a signif-

icant high-energy component, then large absolute increases in negative

floating potentials will occur, with correspondingly increased arcing

hazards. Even if Te is relatively small, such effects may influence

surface potentials enough to disturb particle and field measurements.

Si values of order unity may be reached in the Earth's outer magnetosphere

(Mauk 1975; DeForest 1977, Figs. 6 and 8); larger values are likely in

the outer Jovian magnetosphere and magnetosheath (Goldstein and

Divine 1977), and in the solar wind (Dessler 1967; Axford 1968; Manka 1973).

In both outer magnetospheres, electron distributions having substantial

high-energy components have been observed (DeForest and McIlwain 1971;

Goldstein and Divine 1977).

A calculation of ion drift effects on the floating potential

of the lunar surface has been done by Manka (1973), using a local-current-

balance formulation. Parker (1978) has done exact numerical calculations

of floating surface potentials for nonconductive finite cylindrical

objects, including photoemission due to illumination of one end and ion

drift parallel to the axis of symmetry.

In this Section we have done an approximate calculation of ion

drift effects on the floating potential of a shaded, downstream,

electrically-isolated surface element on a spherical spacecraft (Fig. 2.10),

using a local-current-balance formulation which yields upper and lower

bounds on such potentials. This formulation is an adaptation of that of

Secs. 2.1 to 2.3. The basis of the calculation is as follows: if one

compares, on one hand, a situation wherein the entire spacecraft is at

the same potential as the surface element in question, with, on the

other hand, a more realistic situation wherein the rest of the spacecraft

is at a less negative potential (Fig. 2.11), then in the latter case,

the potential well surrounding the surface element will be steeper and

less spatially extended, and the ion collection will in general be
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decreased. When S. I 0, this argument is subject to qualifications not

present in the nondrifting case, for which it is rigorously true in a

wide range of conditions (Laframboise and ParKer 1973; Laframbose and

Godard 1974). In particular, one can envision hypothetical asymmetric

sheath potentials which would cause a high-speed-ratio ambient ion

distribution to be focused onto the downstream point. We exclude

such cases in what follows.

The most extreme example of steepening would be a potential

profile which was equal to space potential almost to the spacecraft

surface, then fell discontinuously to surface potential. In this limit,

the surface element in question would collect just L-- downst eam

space-potential current corresponding to the given ion speed iatio. The

downstream-ooint current-density values corresponding to a unipotential

sphere at, respectively, the potential of the surface element and space

potential may therefore be regarded as upper and lower bounds on the actual

current collection at that potential, the upper bound being subject to

the above-mentioned qualifications. The resulting values of local floating

surface potential may correspondingly be regarded as upper and lower

bounds on more realistic values of this quantity. The above-mentioned

upper and lower bounds on current correspond, respectively, to the

"three-dimensional" and "one-dimensional" velocity-space cutoffs considered

in Secs. 2.1 to 2.3 for nondrifting situations.

2.4.2 THEORY OF LOCAL ION COLLECTION ON A UNIPOTENTIAL SPHERE

We assume a collisionless plasma with a drifting Maxwellian ion

velocity distribution and neqligible magnetic field, containing a fully

charge-absorbing, unipotential, spherical electrode. We assume that Debye

length Y',,) electrode radius r.. In the resulting spherically-symmetric

Laplace potenti3l :(r) = t r !r, the nondimensional ion current densityss

at the electrole surface is (Codard 1975, p. 31)

= - 2si coscos9 e S )l(2Si 1 sinLsin9)d. JE

Tmax(0, , 0 (2.16)
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where s = q~s/kT, B= E/kT , L /(2mr kT), j =J/LNq(kr/2-m)_

I is the modified Bessel function of zero order, N is number density
0

far from the electrode, p is angular surface position coordinate

measured from the upstream direction, e is change in direction of

the radius vector of a particle as it moves from infinity to radial

distance r , and 6 is related to particle energy E, angular momentums

L, charge q and the potential profile t(r) by the following expression

(Goldstein 1950, Ch. 3):

9 Ldr /r 2
F2mE - 2mq*(r) - L2 /r

2

We have computed ji by integrating Eq. (2.16) numerically. For

the given Laplace potential, Eq. (2.17) can be integrated analytically.

We obtain:

9= i -- ( si -1s( +A Q (2.18)sL

For space potential (X = 0), Eq. (2.16) can be integrated

analytically. The result is (Tsien 1946)

i= Si cos4 [1+ erf(S i cos" )] + exp(-S cos 2 ) (2.19)

Figure 2.12 shows results obtained for the ion current density

ji. at the downstream point P = 7, as a function of Si, with X as

a oarameter, where Xs = e s/kTi < 0 and e B qi" As expected, Ji,

decreases with increasing Si and increases with increasing Ixs1. In

Figure 2.13 the same results are graphed logarithmically as functions

of Xs . Figure 2.13 shows that these results may be approximated with

an error '5% by power-law relations of the form

jiT (Ys = ji i (Xs =0) + A, I Xs I  YT; s -_0(.)j (X ) j () 5 = 0 ) A; x 0 (2.20)

The resulting S dependence of the coefficients A , a and B I
1 7T

JiT(Xs = 0 ) is shown in Fig. 2.14.
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2.4.3 RESULTS AND DISCUSSION

Upper and lower bounds on negative downstream-point floating potentials

for a shaded, isolated surface element, obtained by numerical solution of the

equation Ji +Je = 0, are shown in Fig. 2.15 for various ion-to-electron temper-

ature ratios c =Ti/Te. Here we have assumed that ambient electrons are

Maxwellian. and that Ji is given alternatively by Eq. (2.20) with Fig. 2.14

and by Eq. (2.19), yielding upper and lower bounds on ion current, correspond-

ing respectively to "three-dimensional" and "one-dimensional" ion velocity-space

cutoffs (Sec. 2.4.1). We have also assumed that secondary, backscattered, and

photoemitted electron currents are zero. The lower-bound results are subject

to the qualifications noted in Sec. 2.4.1. The dashed lines in Fig. 2.15

represent floating potentials for the nondrifting case Si = 0. At ion speed

ratios larger than those shown, the situation becomes complicated by

electron speed ratio effects, especially at larger values of c. in

Fig. 2.15 we see that at larger values of c, effects of Si become

important at smaller Si values.

In Fig. 2.16, upper and lower bounds are shown which are similar to

those of Fig. 2.15, except that instead of Maxwellian electron velocity

distributions, we have used the "quiet" and "disturbed" electron

distributions measured by Shield and Frank (1970) and DeForest and

McIlwain (1971) respectively in the Earth's outer magnetosphere, and

approximated by Knott (1972), as described in Sec. 2.2; see also

Prokopenko and Laframboise (1977) and Laframboise and Prokopenko (1978).

The ion temperatures used are 111.6 eV and 2.43 keV, respectively.

These values were obtained by integrating the electron velocity distrib-

utions to find Ne , equating Nim to the result, then assuming that the

ions were Ma:<wellian and that the ratio of ion to electron random fluxes

was 0.025. This procedure differs from that used by Knott (1972) and

in Secs. 2.1 - 2.3 in which an ion-to-electron random flux ratio of

0.025 and an ion temperature of 1 keV were assumed simultaneously,

thereby violating ambient charge neutrality in general. The correspond-

ing electron mean energies are 270 eV and 8.78 keV. The method used for

calculating electron currents is described in Sec. 2.2. We see that Si

effects become important at smaller Si values in "quiet" magnetospheric

conditions. The ratio of ion to electron mean energies implied by the

dA
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above data is also larger in "quiet" conditions, corresponding to the

dependence of Si effects on c noted in Fig. 2.15. The "quiet" and

"disturbed" distributions also differ substantially in shape (Knott, 1972,

Figs. 1 and 2b). The onset of "significant" drift effects (i.e. floating

potential changes Z 10%) is seen to occur at Si values as low as 0.1,

depending on conditions. It occurs at lower Si values in the presence of

the "quiet" distribution than in any of the other cases shown in Figs. 2.15

and 2.16. In Figs. 2.15 and 2.16, negative floating potentials for S. = 11

are in most cases about twice as large as the corresponding potentials

for nondrifting situations.
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3. MULTIPLE FLOATING POTENTIALS, AND THE "THRESHOLD MATERIAL

TEMPERATURE FOR HIGH-VOLTAGE CHARGING"

3.1 INTRODUCTION

The high-voltage charging behaviour of spacecraft surfaces, especially

in outer-magnetospheric plasma conditions, displays a variety of unexpect-

edly complex features.

These features are most evident in the absence of photoemission (as

on shaded surfaces of a spacecraft). One of them is the existence of

multiple roots (zeros) in the current-voltage characteristic of various

spacecraft materials exposed to certain kinds of ambient plasma

environments. An example of such a current-voltage characteristic was

shown in Fig. 2.5. In this illustration, only the right- and left-hand

roots, which are located at +1.9 and -4100 volts, respectively, represent

stable floating surface potentials, because the centre root is an unstable

one, in the sense that any voltage excursion from the indicated value

(-500V) would result in a net current of a sign which would cause the

voltage excursion to increase, ultimately driving the voltage to the right-

or left-hand roots.

The possibility of such triple-root situations was first proposed by

Whipple (1965, pp. 4-7). Prokopenko and Laframboise (1977, 1980) calculated

current-voltage characteristics of various surface materials in

outer-magnetospheric (including geostationary-orbit) plasma environments,

and found numerous examples in which triple-root characteristics were

actually obtained. Sanders and Inouye (1979) did calculations to examine

the ranges of conditions in which such characteristics would occur.

Besse (1981) examined the mechanisms underlying them. Meyer-Vernet

(1982) showed that they may also occur on dust grains in space, such

as those in Saturn's rings. It is now generally recognized that in

triple-root situations, the stable floating potential near space

potential is the result primarily of a current balance between incident

"primary" electrons and emitted (secondary and backscattered) electrons,
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with incident ion current making only a minor contribution, while at the

more negative stable potential, the current balance is primarily between

incident ion and electron currents, even though in this case also,

both of these may be substantially modified by secondary or backscattered

electron emission.

Another feature of the high-voltage charging phenomenon is the

occurrence of "sensitivity" effects in the numerical prediction of

spacecraft potentials (Stannard et al, 1981), in which relatively

small changes in assumed surface properties or ambient conditions can

cause large changes in spacecraft floating potentials. Evidently, this

phenomenon may frustrate attempts to make reliable predictions of

spacecraft charging, and it is important to identify the parameter

ranges in which such sensitivity effects occur.

This phenomenon is closely related to that of "threshold" effects,

both predicted (Stannard et al, 1981), and observed (Gussenhoven and

Mullen, 1982), in which no high-voltage charging occurs over a large

range of environmental or surface conditions, but a small further change

in conditions then results in a large change in surface potential from

a small value (relative to space) to a value typically several kilovolts

negative.

Another closely-related effect is that of sudden large changes in

surface potential in response to relatively slow temporal changes in

ambient plasma conditions (Sec. 2.3). This phenomenon was predicted

by Prokopenko and Laframboise (1980) and Besse (1981), and subsequently

observed both on the SCATHA (P78-2) satellite and in numerical simula-

tions made using the NASA Charging Analyzer Program (NASCAP) (Schnuelle

et al, 1981; Stannard et al, 1982).

In Secs. 3.2 and 3.3, we introduce the concept of threshold

temperature as a property of a spacecraft surface material, and we show

that all of the above-mentioned phenomena are unified and explained by

this concept.
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A separate phenomenon, which often controls the differential

charging of other surfaces, including sunlit ones, relative to the

most highly-charged surface, is the "barrier" effect; we discuss

this in Sec. 4.5.

3.2 THE THRESHOLD-TEMPERATURE PROPERTY.

A typical secondary-electron yield curve is shown in Fig. 3.1(a).

For most commonly-used spacecraft surface materials, there exists a

region of this yield curve in which more than one secondary is

produced on average per primary. This generally occurs for incidentt

electron kinetic energies of a few hundred eV. In Fig. 3.1(b),

energy-differential incident-electron flux (particle current density)

curves are shown for Maxwellian electron velocity discributions at two

representative values of electron temperature Te' In the example shown,

the peak of the lower-temperature curve is at almost the same energy as

that of the secondary yield curve. In this situation, there is a large

production of secondaries; in fact, the total secondary flux, which is

given by an integral involving the product of these two functions

[Eq. (2.10); Prokopenko and Laframboise (1977, 1980, Eq. 10) J1 will be

greater than the incident primary flux if the maximum secondary yield

6max per primary is greater than about 1.16 (Besse, 1981, Fig. 2) . In

contrast, the peak of the higher-temperature curve does not coincide

closely with that of the secondary-emission curve, and in this case,

the total secondary flux will be less than the incident f lux. Evidently,

a critical value of Te must exist, intermediate between the two values

indicated, at which emitted flux would exactly balance incident flux

(H.I. Cohen, 1982, private communication). (There will also be another

such critical temperature, below the peak of the secondary yield curve,

but this is not of importance here.)
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Maxwellian ambient distributions also have the special property

that if they are retarded by a repelling (negative) surface potential,

the distribution of particle kinetic energies reaching the surface is

independent of the value of this potential. Therefore, for a Maxwellian

ambient distribution, the preceding conclusions have a special property:

they are independent of spacecraft surface potential (Besse, 1981;

H.I. Cohen, private communication, 1982) as long as this potential is

negative (with respect to space). Therefore, if the ambient electrons

were Maxwellian at the critical temperature, incoming and outgoing fluxes

would balance each other for all negative values of surface potential,

and the surface then "would not know at what potential to float", i.e.

the surface potential would become indeterminate, except for the

(relatively small) current contribution from ambient ions. It is

therefore evident that very large (negative) increases in floating

potential will result for very small increases in ambient electron

temperature in the neighbourhood of this critical value, which is a

property of the surface material only. We will therefore refer to this

critical value as the threshold material temperature T* for high-voltage

charging. In terms of this property, the first four effects mentioned

in Sec. 3.1 can be immediately explained, as follows.

(1) Triple-root current-voltage characteristics have a simple explanation

if the ambient electron velocity distribution can be approximated by a

double Maxwellian. Such an approximation, although empirically-based,

is often a very good one (Garrett and DeForest, 1979 ; Garrett et al,

1981). In this case, a characteristic will have three roots if (i)

the temperature T1 of one Maxwellian is less than T*, but the other one

T 2 is greater than T*, and (ii) the total emitted electron (secondary

and backscattered) flux at space potential is greater than the incident

flux.

This can be proven as follows. The roots of the current-voltage

characteristic are given by the zeros of the function:

J = J.- J eJ + J (3.1)net i e sec scat
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where J' J and J are particle current densities (fluxes)
Scat

for incident (ambient) ions and electrons, secondary electrons and

backscattered electrons, respectively. Except at relatively large

negative surface potentials s relative to space, Ji is relatively small,

and will be neglected in what follows. For < 0, we then have, ins

this approximation:

Jne = (J + J  -Je ) exp(e /kTl)
net sec,l scat,l e,l s

+(J +J -J Je exp(e~s/kT2):
sec,2 scat,2 e,2 s 2

net, exp(e /kTj) +J exp(e /kT,) (3.2)

where e > 0 is the elementary charge, k is Boltzmann's constant, and all

double-subscripted J are space-potential values. A triple-root character-

istic must have an unstable root, i.e. a value of s such that

(a) Jnet = 0, and (b) dJ /d >0. This can happen only for s < 0

because Jsec and Jscat both decrease rapidly at positive potentials (an

exception to this, applicable at very small electron temperatures, has

been found by Meyer-Vernet (1982)). Condition (a) requires that Jnetl

and Jnet,2 have opposite signs, i.e. T* is between Tland T2 . Condition (b)

implies that J >0 for all t values between this root and zero; this
net s

in turn implies that Jnet,l + Jnet,2 >0. This completes the proof of (i)
and (ii). Even though this proof is only approximate for real velocity

distributions, it will still be generally valid in terms of "temperatures"

related in the usual way (E = . kT) to the mean energies obtained from

a double-Maxwellian fit. Meyer-Vernet (1982) has shown that triple

roots can also occur with Maxwellian electrons, when the electron

temperature is less than the "temperature" of emission of

secondary electrons. The unstable root then o -urs at a positive

rather than negative value of
s
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(2) For T(or 2E/3k) close to T*, most current-voltage characteristics

will have both a very small value and small slope over a large range

of potentials, and the floating potential(s) will then be subject to

large changes when only small changes in conditions occur. This explains

"sensitivity" effects.

(3) For T slightly less than T*, J + J > J if t < 0, and thesec scat e p

floating potential will generally be slightly positive. For T slightly

greater than T*, J + J < J and the floating potential will
sec scat e

generally be very negative. Clearly T* is the temperature at which

"threshold" effects may be expected.

(4) For a distribution which is (nearly) Maxwellian and has TP T*,

small (or gradual) changes in ambient conditions can cause the sign of

J +J -J to change, resulting in large, sudden changes in
sec scat e
floating potential. For a distribution which may not be near-Maxwellian

but which leads to a triple-root characteristic, changes in ambient

conditions may cause two of the three roots to coalesce and disappear,

also producing large, sudden potential changes (Sec. 2.3; Prokopenko

and Laframboise, 1980; Besse, 1981; Meyer-Vernet, 1982).
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We have calculated threshold-temnerature values (Table 2) :;r

variety of spacecraft surface materials; a listing or our compute!-

program for doing this appears in Appendix B. in order to Jo this,

we have calculate J + J - i as a tunction of T for .axweliian
sec scat e

incident distributions, and searcheo- numerically for the value * at

which this function changes from positive to negative s : increses.

For ambient electrons normally incident to a surface, wt have

used the secondary and backscattered flux expressions given by Prokopenko

and Laframboise (1977, 1980), together with data given by Dekker (1915-,

Ha nenberg and Brauer (1959, 1962), Gibbons (1966) , Willis And Skinner

(1973), Katz et al (1977, p. 38), Schnuelle et al (1979), Leung et ai

(1981), and Krainsky et al (1981).

The increased yields for electrons incident at other angles

have an important i /luence on our results (last three columns of Table 2)

For both secondary (Dekker, 1958; Salehi and Flinn, 1981; Krainsky et

al, 1981) and backscattered (Darlington and Cosslett, 1972; Krainsky

et al, 1981) electrons, it is found experimentally that the dependence

of yield (average number of emitted electrons per incident electron)

(E,-) on angle of incidence t relative to the surface normal can be

usefully approximated by a relation of the form

;n (E,9) = n S(E,0) + P(l-cos I ) . (3.3)

For spcondary emission, the coefficient 3 appears to depend

primarily -.i i/I , where Emax is the energy at which 3 is largest

when 0 = u. For hackscattered emission, - appears to depend most

strongly on the atomic number Z of the surface material, and only weakly

on incident energy E. Also, available information on E dependence is

fragmentary, and in any case, secondary emission predominates over

backscattered emission at smaller v. .ues of E. For these reasons, we

have ignored the E dependence.
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The dependence given by Eq. (3.3) has the special advantage that

'or any isotropic ambient velocity distribution, the integration over

angle in the emitted flux expression can be done analytically. In this

2ase, we have:

J or J = ffv d3vsec scat n

=>' :(E) 3 (E,G) (v cos O) (v 2 sin 9 dv dO ;)

;R (E) (1-cos e
27r f(E)3(E,O)v 3dv / e cos sin d9

(3.4)

where (v,9,<) are spherical coordinates in velocity space with polar

axis normal to the surface, f- d6N/d3' d3v is the velocity distribution

of ambient electrons, E= mv2 , and vn is the normal component of

incident electron velocity.

The integral over 3 yields 1exp(Z)-P-1]/.2, which has the value

15 when _' = 0. After 9 is specified as a function of E, multiplication

of 6(E,O) by the factor F - (2/92) Lexp(5)-3-11 then corrects 9 (E,0) to

include angle-dependence of the secondary or backscattered yield [see

also Whipple, 1981, Eq. (3.11)] . To obtain the resulting dependence

of -e + s on E, we require that E and m for normal-sec scat max max

incidence secondary yield be specified, together with Z. Our complete

yield algorithm then is:

= in(E/Em) ; ma = 0.2755( - 1.658) -V1O.2755( -1.658)]2+0.0228

sec e; P s (2/ e) -s - 1] (3.5)
sec sec

B = 7.37Z -0 "5 6 8 7 5 " , =scatscat (2/sascat 2 [exs(cat - at - ]

where the above expressiorsfor s and s have been obtained bysec scat

fits to the data of Dekker (1958), Darlington and Cosslett(1972),

Salehi and Flinn (1981), and Krainsky et al (1981). Finally:
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S(E) m. xE exp() r -KE
-max E E sec +LA-Be scat (3.6)

max max

where the factors multiplying F and P are, respectively, thesec scat ' -

secondary-yield curve of Sternglass (1 = -a), and an emicl. ......-r

given by Eq. 2.9 (See also Prokopenko and Laframboise, 1980, Eq. (9)),

in which the coefficients A, B, and C are functions of Z obtained from

the data of Sternglass (1954b) and Palluel (1947). These coefficients

are also displayed in Table 2. Jsec +Jscat is then given by 27 times

the integral over v in (3.4) with f replaced by the Maxwellian

distribution corresponding to temperature 2, or more generally, by

Eqs. (2.10) - (2.14). Je = n_(kT/2rme) , i.e. the usual random

flux for a Maxwellian distribution (where n is ambient electron
1

density and m is electron mass), or more generally, is given by Eqs.e

(2.1) - (2.3).

The resulting threshold temperatures T* (labeled "TC3") appear in the

last column of Table 1. Corresponding values of T* for simplified forms

of 6(E) as indicated (labeled "TCI" and "TC2") appear in the two adjacent

columns. It is clear from these results that angle-dependence of

6 and 6 has an important effect on values of T*. The valuessec scat

labeled "TC1" can also be inferred from Fig. 2 of Besse (1981).

Clearly, those surface materials having the largest values of T* will

be the "most resistant" to high-voltage charging (leaving aside the effects

of material conductivity) because the ambient environment will exceed

their threshold temperature the least often. From this viewpoint, and

using the data of Table 1, MgF2 is the "mo~t resistant" material, followed

by activated beryllium-copper, gold, and NASCAP 'BOOMAT',a spatially-averaged

representation of a composite surface consisting of kapton partly covered

with platinum strips, used on the SCATHA satellite (Schnuelle et al, 1979).

The zero entries for T* in Table 1 are those for whiL> J + J < J
sec scat e

at all values of T.
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Our discussion so far has been almost completely concerned with

"absolute" or "overall" surface charging, and has been based only on

calculations of local currents to and from surfaces. Calculations of this

type are usually sufficent to determine the floating potential of the

most highly (usually negatively) charged portion of a spacecraft surface,

which is usually in a shaded or partly-shaded region of the spacecraft.

However, the most damaging effects of high-voltage charging are 'differential"

effects involving large potential differences between adjacent parts of

a spacecraft. These effects are frequently dominated by non-local

phenomena, an example of which we present in Sec. 4.6.
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4. CYLVIA: A TWO-DIMENSIuNAL CHARGING SIMULATION FOR CYLINDRICAL

SPACECRAFT CROSS-SECTIONS WITH ANGLE-DEPENDENCE.

4.1 INTRODUCTION: THE QUASISTATIC ITERATTON METHOD

We have constructed a numerical simulation program called CYLVIA

(CYLinder Voltages in Ionosphere and Above) which combines the following

features:

a) infinite circular cylindrical geometry with angle-dependence.

We have chosen this geometry for the following reasons: A realistic

model must be at least two-dimensional because the asymmetry between

sunlit and shaded surfaces, or between surfaces with large and small

secondary-electron emission currents, is a key feature of the differential

charging problem. Cylindrical geometry is the simplest two-dimensional

geometry, and it is also a useful approximation to many spacecraft shapes,

including the D6CS and SCATHA mainframes, which are finite circular

cylinders. Effects of finite cylinder length (three-dimensionality)

on sheath potential profiles, which tend to cause a more rapid decrease

of potential with radius, can be approximated by using a modified form of

Poisson's equation (Sec. 4.3).

b) Quasistatic time-dependent iteration (Laframboise and Prokopenko,

1977). In this procedure, sheath potential changes during particle

transit times are ignored. This leads to the following iteration scheme:

a distribution of surface potentials is chosen. Poisson's equation is

then solved to provide a radius- and angle-dependent static sheath

potential [see (c) below]. Particle orbits are then followed numeric-

ally in this potential, yielding net surface charging rate as a function

of surface position. Using this information, the surface potentials are

updated. This process is repeated until a steady-state floating

condition is obtained or in order to follow temporal changes in external

conditions, such as spacecraft rotation or eclipse passage.

c) use of simplified space-charge density expressi (Sec. 4.2;

Laframboise and Prokopenko, 1977), rather than numerical orbit-following,
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in solving Poisson's equation for sheath potentials. Approximations of

this type are good ones for geostationary-orbit situations, in which the

Debye length of the ambient plasma is generally large enough that

space-charge effects are almost negligible. They also yield an important

saving of computer time.

Features (b) and (c) are now also usea in the NASCAP (Katz et al,

1977, 1979) simulation program.

A listinq of CYLVIA appears in Appendices C and D. The numerical
solution of Poisson's equation in CYLVIA calculations uses the subroutines

POIS, POISGN, POINIT, TRID, TRIDP, and NCHECK written by Swarztrauber and

Sweet (1975).

4.2 USE OF APPROXIMATE SPACE-CHARGE DENSITY EXPRESSIONS

At geostationary-orbit altitude, the Debye length D for ambient

particles is usually 10 m, so for satellites of ordinary size, effects

of ambient space charge on sheath potentials will be relatively small.

Any reasonably realistic approximation of this space charge can therefore

be expected to produce only negligible errors in solving Poisson's

equation for sheath potentials. Furthermore, large savings in computer

time can be expected to result if one can avoid exact density calculations

involving numerical orbit-following. In calculations using CYLVIA, only

a relatively small amount of orbit-following is done, in order to calculate

surface currents (Sec. 4.4)

A more significant space-charge effect near the spacecraft may be

caused by emitted photoelectrons or secondary electrons (Soop, 1972;

Schrbder, 1973), because of their relatively low velocities compared to

ambient values. However, effects of these are likely also tobe small

enough that any reasonably realistic approximations for their densities

will yield good accuracy (Lafon, 1976). Such approximations must

ultimately be verified by comparison with exact calculations. It is

advantageous if such approximations depend on local potential only

(rather than potentials at many locations), together with a relatively

small number of other parameters, such as spacecraft potentials and

potential barrier heightsand locations. Laframboise and Prokopenko

(1977) have developed such an approximation. Here we develop three
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approximate expressions for ambient space-charge density [Eqs. (4.1)-

(4.3)1, based on the use of exact density expressions developed for

collisionless, Maxwellian particles in the presence of obstacle-free

potential wells of arbitrary shape by Laframboise and Parker (1973). The

appropriate expression for our purposes is the result given by their

Eq. (2) for three-dimensional wells. This is true even for an "infinite",

that is, very long cylindrical spacecraft geometry, because of particle

entry at the ends of such a geometry. For definiteness, we consider

a negative well given by (x,y,z) 0, with ¢-*O as x, +y2 +z 2 _)_, where 5

is electric potential. If only ambient particles are considered, Poisson's

equation is:

- (N -N i ) (4.1)
e

where e is magnitude of unit electron charge, co is permittivity of space,

and Ne, Ni are electron and ion number densities, respectively. Since

positive ions are the attracted species in this well, we use Eq. (2) of

Laframboise and Parker (1973) for ion density, and the usual Boltzmann

factor for electron density. If De (c kT ,/e2N. N is electron or

ion density far from the spacecraft, L is a characteristic spacecraft

length, V =LV, X = e4/kT e< 0, k is Boltzmann's constant and T is

temperature, Eq. (4.1) becomes:

X-2 e L Te/T(-/ Te/Ti)/2] (4.2)

where g(s) = exp (s2)erfc(s) = exp(s 2) f exp(-t 2)dt. An efficient
smethod for calculating erfc(s) has been given by Shepherd and Laframboise

(1981).

The important feature of Eq. (4.2) for our purposes is that its

right-hand side is a function of Y only. For small -, Eq. (4.2) reduces

to: -2 27 x (1 + Te/Ti)(L/ADe) X
(4.3)

3/2
where terms of order X and higher have been ignored. The linear form

of (4.3) permits the use of direct Poisson-solvers for finding X. Another

simplified form can be obtained by rederiving Eq. (4.2) with monoenergetic

instead of Maxwellian ions assumed. The appropriate monoenergetic velocity
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distribution (Chen, 1965; Laframboise, 1966, p. 14) is:
9

3 N mi-Nz 6(E - E 1)

d3 4, (2mi E 1/2 (4.4)

where E = 4kTi/7r and mi is ion mass; this distribution duplicates the

ambient number density and flux values of a Maxwellian at temperature Ti.

Rederivation of (2) using this distribution yields the computationally

simpler form:

-2 /L X T \/]

(4.5)

If any regions exist where X>o, the roles of ions and electrons

are interchanged, and Eqs. (4.2) - (4.5) must be modified acrordingly.

The essential approximation contained in Eqs. (4.2) - (4.5) is the

neglect of orbit depletion due to intersection with tf spacecraft. The

densities of ambient ions and electrons will therefore both be over-

estimated near the spacecraft in these results. As long as the spacecraft

is at least moderately smaller than X De the effects of this overestimate

will be small. The attracted-species density will be overestimated by

the greater amount for reasons involving the curvatures of attracted

and repelled particle orbits. The sheath profiles predicted by (4.2) or

(4.5) will therefore be steeper than real profiles, if electron emission

effects are ignored. Laframboise and Prokopenko (1977, Secs. 2.4.2 and

2.4.3) have also discussed space-charge density approximations based on

symmetric potentials and on equivalent potential wells, for ambient

and emitted electrons.

4.3 APPROXIMATE INCLUSION OF FINITE-CYLINDER - LENGTH (THREE-DIMENSIONAL)

EFFECTS IN POISSON'S EQUATION.

Effects of finite spacecraft length on sheath potential profiles can

be included in either of two approximate ways which lead to modifications

of the two-dimensional Poisson equation to be solved. We include here

a description of these methods. The first method is derived by pretend-

ing that the circular inner boundary ot the computation jrid, which



3H

represents the spacecraft surface, is no longer a cross-section ot an

infinite cylinder, but rather is a cross-section through the equatorial

plane of a prolate spheroid of polar-to-equatorial axis ratio L- 1.

We also assume that the sheath potential is (for some unspecifiel reason)

independent of the latitude coordinate perpendicular to this plane.

This leads to a modified Poisson equation of the formX zX sinh2  s Rs \2

tanh- - X + tanh t Lxs+nii 2=K h (ne ni)
D (4. D)

where = e /kTe, F is a radial coordinate in the equatorial plane and

is related to nondimensional radius r = R/Rs, defined in the same plane,

by the relation

r = (L2 -1) sinh , = )n [(L+ 1)/(L- 1)], 0 is angular coordinate in

the same plane, Rs is spacecraft radius, ND is Debye length, and ne and

ni are the nondimensional electron and ion densities Ne,/Ne_ and Ni/Ni,,

where N is ambient density of either species. Use of Eq. (4.6) in

place of the usual polar-coordinate Poisson equation would result in

sheath potential profiles which became increasingly steeper as L

decreased, thus allowing for approximate estimates of sheath potentials

around finite cylinders. The limiting case L= 1 would correspond to an

assumed spherical geometry without latitude dependence; the limit L--

leads to recovery of infinite cylindrical geometry.

The transformation s = 2n coth & leads to the alternative form

1 +2X 62) sinh2 F ( Rs 2
c =sh2  s 2 + - sinh (ne - h i )

56- nh2 )D(4.7)

which contains no first-order terms. For small I, s varies logarithmically

with r; for large F, s varies as r- 1.

The second method is darived by first writing the nondimensional

Poisson equation for cylindrical coordinates, which has the form

2 x 1 2x f R5 2- -+-- -- ± - + -ar ~7 (ne i) (4.8)
aLa r 6r rT 76 Z )(ne CJ Di

We then assume that "(r,Oz) is periodic in z, such that values of y

repeat after nondimensional distance 2. parallel to the z axis. In

particular, we assume that " (r,,i ) some given dependence ,,(r,O),



39

and that X(r,9,O) =x (r,e) to be found. We further assume that

3,/ z = 0 at z= 0, z= +9 , z=±22, etc, and that only the lowest

Fourier component of the z dependence of X is present. Then

X(rE,z) + x0(r,B)+ X(r,O) ]+ (r,e)- x(r,G)] cos( 49)

and, at z = 0, we have

ax(r,9) - x0 (r,O)] -

The Poisson equation for Xo(r,e) now becomes

'o= 1 )0 2.(r,q)
+ -r -  T -2 0 m (ne- n i ) - 111

We see that in this Poisson equation, effects of z-dependence are

represented by a homogeneous "Helmholtz" term and a fictitious space

charge contribution. The z-dependence incorporated into this equation

could represent approximately the effects on sheath potentials of finite

spacecraft length and/or features such as conductive circumferential

bands. Equations (4.7) and (4.11) are both solvable by standard methods;

both are linear. Both contain only two (radius and angle) independent

variables.

4.4 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 photoelectron 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 photo-

electron currents reimpacting spacecraft surfaces.

In order to derive the orbit equations, we consider the motion of

a particle in a plane. We let (r,O) and (v,, v ) represent its position and

L0
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velocity components in polar coordinates (Fig. 4.1). We let s represent

arc length along its orbit, and a 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 f(r,9) represent electric potential. The equation

of motion m d7/dt =-q7i reduces to:

dv v' _q b (4.12)
ds m n a

We equate respective components of Eq. (4.12) and use the relations

ds=:d(a+ 9), dr =cos(-x)ds, and r dO =sin(c)ds. We then obtain the

orbit equations in the following form:

ds Cos of - sinv a- s a

dr
ds (4.13)

d9 sino'
T, r

2 [E - qt (r,)
m

This system is reduced from fourth to third order because the last

equation appears in integrated form. At points where particle reflect-

ion from potential barriers produces cusps or near-cusps in an orbit

(dc/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 e with the sunward direction, each of them

having originated at some other surface location 0 (Fig. 4.2a) and0

forced to return to the surface by a potential barrier which surrounds

the spacecraft. Their current density at the surface location given by

0 is:
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V~ U.-1T
J(9) = J(v,w)(v sin u) (v dv dw) (4.14)

v=O w= 0

where v = (vr2+ ve2) and w = tan - (vr/ve) are polar coordinates in

incident velocity space at the surface location8, fi- d2N/dvrdv is the

two-dimensional velocity distribution of photoelectrons, and N is

their 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(0 o) is related to f as follows:

I (M 3 /2 r -o 2 /2kT

= 2ph(ko) ( e (4.15)

If the sunlit side of the spacecraft has uniform material properties,

then

Jph(9o) = Jph( 0 ) cos Go- We introduce dimensionless variables as follows:

X= qt/kT; u= v(m/2kT) (4.16)

Since mv2 +qp = mVo2 +qo, (4.15) and (4.14) become:

M ) 3/2 Xo-X _U2
f Tj Ph 8 o)k e e (4.17)

J() 2 =C 2-U2 T Xo-X](.8
J(8) = - du u2 e d sinw Jph( o )e ](4.18)

u=O U=O

The factor in square parentheses in (4.18) is evaluated for each

u and w by integrating the corresponding photoelectron orbit backward

to its origin to find 0 and X " To do the integrations in (4.18) we0

set up a polar-coordinate grid in velocity space at the surface

location e, as shown in fig. 4.2b, where we have defined Un=-Ur, ut=-u.

We approximate F(u,w) -(2//'T) Jph ( ) exp(x0 -X) in each cell

U i - u-u , u. < SW j+1 by (A +Bu)(C +Dw) where A, ... , D can be

determined if the values of F at its four corners are found, again by

integrating orbits backward. Equation (4.18) then becomes:
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ui.+1u +I 2  j+ 1

J(E) = i du u2 eu (Ai + Biu) j dw sinw (C.+ Dijw), (4.19)

a form in which all integrals can be evaluated analytically. This

method for evaluating J(e) is essentially equivalent to the "inside-out"

method of Parker and Whipple (1967). The factor exp(y -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 (4.19) must be performed over two regions of

velocity space, labelled I and II in Fig. 4.2b, containing photoelectrons

(and secondary and backscattered electrons), and ambient electrons,

respectively. In general, f will contain a discontinuity at the

boundary between I and II (Whipple, 1976) which can produce large

errors in the evaluation of J(e). The integration method used in CYLVIA

treats these discontinuities explicity, using bisection searches to find

points such as those circled in Fig. 4.2b. If the ambient electron

velocity distribution is isotropic, then F in region II will be independent

of W.

I.
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4.5 RESULTS AND DISCUSSION

Figure 4.3 shows a CYLVIA calculation of equipotential contours

surrounding a cylindrical spacecraft cross-section whose surface consists

of two independently floating conductive sectors, the smaller of which is

shaded and subtends an angle of 900. In this calculation the ambient

ion and electron velocity distributions are double Maxwellians with the

following properties:

Nil = 1 cm- 3  N =1cm- 3

Til = 20 eV Tel = 500 eV

Ni2 =1 cm- 3  Ne2 = 1 cm- 3

Ti2 = 104 eV Te2 = 5000 eV

The photoelectron charge flux eJph is 45 x 10-6A/m 2 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 numerical orbit-following as described in Sec. 4.4.

The computation grid in (r,O) contains 65x 48 intervals. In this and

subsequent calculations, the computation grid in (u ,w)contains 8x 16

intervals for each Maxwellian component of each particle species, apart

from bisection searches (Sec. 4.4) which give finer resolution. Linear

space charge is assumed [Sec. 4.2; Laframboise and Prokopenko, 1977,

Eq. (3)- . The above-mentioned plasma parameters imply an ambient Debye

length of 32.5 meters; spacecraft radius rs is 1 meter. The outer

boundary of the computation grid is at e5 rs R 148r s . The most noteworthy

feature of Fig. 4.3 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. The potential of the 2700 sector (-2.265 kV) is controlled by

blocking of electron escape caused by this barrier; this mechanism is

discussed in more detail in Sec. 4.6. In Sec. 6.5, surface photocurrents

obtained from this calculation are compared with values given by an

analytic approximation. In this and subsequent calculations, calculated

surface potentials are all within 10 volts of the values at which the

residual currents change sign.
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Figure 4.4 shows a CYLVIA calculation of equipotential contours

around a spacecraft cross-section divided into four 900 sectors, two

covered with aluminum and two with quartz. The aluminum sectors are

electrically connected to each other. In this calculation the ambient

velocity distributions are single Maxwellians with Ni = Ne =3cm
- 3 and

Ti =Te =1 keV. Photoelectrcn fluxes at normal sunlight incidoence are 42

and 32 .:A/m 2 for aluminum and quartz, respectivelyi. Tp h 1.5 eV for both.

Secondary and backscattered fluxes are assumed zero. The computation

grid in (r,e) contains 65x 16 intervals. The outer boundary of this

grid is at e7 1097 spacecraft radii. The above-mentioned plasma

parameters imply an ambient Debye length of 96 meters; spacecraft

radius rs is 1 meter. As in Fig. 4.3, a saddle-point barrier is

present on the sunward side of the spacecraft (see Sec. 4.6), and controls

the potential of the sunlit quartz sector and the two aluminum sectors.

In a separate calculation, which is not shown, we included secondary

and backscattered electron emission; the calculated surface potentials

then were all between 0 and +1OV. This result can be readily interpreted

in terms of the threshold material temperatures for high-voltage charging

defined in Sec. 3 and listed in Table 2. Although the value of Te for

this case is greater than the threshold temperature of aluminum (Table 2),

the aluminum sectors are partly sunlit, and photoemit enough to balance

their ambient electron collection current. The threshold temperature of

quartz is greater than Te, so secondary and backscattered electron

emission from these sectors is therefore enough to balance their ambient

electron collection current. Thus in this case, no negative charging

occurs on any sector. If Te were made substantially larger than the

threshold temperature of quartz (Table 2), then high-voltage negative

charging of the shaded quartz sector would again occur.

In Fig. 4.5, the same spacecraft cross-section as in Fig. 4.4 has

been rotated by 900 relative to the sunward direction. In this case

the most negative potentials are those on the shaded regions of the

quartz sectors, which float separately from the sunlit regions because

the quartz is nonconductive. In this situation it is possible that
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breakdown of orbit-limitation of the collection of ambient ions (2ec. 2.1)

could occur, especially near the edges of these shaded regions, and

this wou" restrict ion collection and cause their floating potentials to

become even more negative than we have calculated, but the rather coarse

6-interval of our computational grid has prevented us from resolving this

question in this calculation.

Also in Fig. 4.5, we have this time a saddle-point barrier on the

shaded side of the spacecraft; if the calculation had included secondary

and backscattered electrons, this barrier would have controlled their

escape. In this case a negative current flows from the shaded to the

sunlit aluminum sector, so the sunlit sector floats at a much more

negative potential than it would otherwise.

Figure 4.6 shows the distribution of surface potentials correspond-

ing to the calculations of Figs. 4.4 and 4.5, together with the calculated

surface potential distribution of a completely nonconductive ("quartz"

but with secondary and backscattered electron emission not included)

cylinder which is placed in the same environment.

Figure 4.7 shows again the same surface potential distribution for

a nonconductive cylinder as in Fig. 4.6, together with another distrib-

ution for conditions which are unchanged except that the outer boundary

rB of the calculation is moved inward to 12 spacecraft radii rs. A third

calculation is shown, which has been done not using CYLVIA but using a

program called TWOD, which combines the physical assumptions of the

NASCAP program with circular cylindrical geometry (M. Mandell, Systems,

Science and Software Inc., private communication). Except as noted, the

physical situations treated in the CYLVIA and TWOD calculations are the

same; in both cases rB= 12 rs, zero secondary and backscattered emission

is assumed, and a 16-noint angular discretization is used. In the TWOD

calculation, zero space charge is assumed, but since AD = 96 rs in the

CYLVIA calculation, the comparison shown is probably unaffected by this



46

difterence. In the TWOD calculation, photoelectron temperature and

norz.al-incidence flux are 2 eV and 20 A/m , whereas for CYLVIA, the

corresponding parameters are 1.5 eV and 45..A/m .

We see that rough agreement exists between the CYLVIA and the TWOD

calculations. Either our higher photoemission flux, or the rather coarse

angular discretization used in both calculations, may account for the

differences; we have not yet investigated this question with further

calculations. Even though the barrier which surrounds the sunlit side

of the cylinder prevents almost all photoelectron escape in the (two)

regions 600< 9 < 900 where the largest disagreement occurs, our larger

assumed flux permits greater surface migration of photoelectrons

(Sec. 6), and the resulting surface current will drain excess negative

charge from these regions (to an extent which we have so far not determined).

The large difference between the two CYLVIA calculations for rB = 12r s

and rB = e7 rs is symptomatic of the great sensitivity which two-dimensional

Laplace-potential (or nearly Laplace-potential, as in our case) cal-

culations have to outer-boundary position generally. On the other hand,

tests with CYLVIA have indicated that rB>e
5 rs is sufficient to overcome

this sensitivity, especially when a small amount of linear (or other)

space charge is included, as we have done.

4.6 THE BARRIER EFFECT

As we have seen (Secs. 2 and 3), charging calculations based on

local-current-balance considerations are usually sufficient to determine

the floating potential of the most highly (usually negatively) charged

portion of a spacecraft surface, which is usually in a shaded or

partly-shaded region of the spacecraft. However, the most damaging

effects of high-voltage charging are "differential" effects involving

large potential differences between adjacent parts of a spacecraft.

These effects are frequently dominated by non-local phenomena, several

examples of which occurred in Sec. 4.5, and which we now examine in

more detail.



The most important among these phenomena is the "barrier" effect,

which often controls the differential charging of other surfaces, includ-

ing sunlit ones, relative to the most highly-charged surface. In the

"barrier" effect, a strong dipole or higher moment of the spacecraft's

potential distribution produces "saddle-point" barriers over less-highly-

charged portions of the spacecraft, limiting photoemitted or other electron

escape from these portions and causing them to charge more negatively

than otherwise. Space-charge effects are normally not important in the

formation of such barriers. Their existence, and the resulting implic-

ations for differential charging, were first predicted by Fahleson

(1973). Whipple (1976) presented evidence for the existence of such a

barrier on the ATS-6 satellite. Other properties and consequences of

these barriers were discussed by Prokopenko and Laframboise (1977,1980)

and Laframboise and Prokopenko (1977). Katz et al (1979) performed a

numerical simulation which showed the formation of such a barrier near

a polyhedral "quasispherical" model satellite, together with the result-

ing effects for differential charging. Besse and Rubin (1980) developed

an analytical treatment of the barrier effect for a spherical satellite.

Purvis (1982) presented a variety of NASCAP numerical simulations to

illustrate the prevalence of the barrier effect in high-voltage charging

situations. Katz and Mandell (1982) examined mechanisms underlying the

barrier effect, called by them the "field-reversal" effect, and in one

particular application, the "snapover" effect. In this Section, we

present results of a numerical simulation for circular cylindrical

geometry, which emphasize the importance of the barrier effect for

differential charging.

Using CYLVIA (Secs. 4.1 -4.5), we have calculated the equilibrium

charging state of a cylindrical spacecrift shape with a nonconductive

surface in a model geostationary-orbit plasma with sunlight incident

normally to the cylinder axis on one side. Figure 4.8 shows the results

of a CYLVIA calculation in which we have deliberately made an important

oversimplification: we have calculated the surface potential distribu-

tion on the basis of local current balance only. Because sunlight
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only from this side. In this example, the escaping photoelectron flux

from most of the sunlit side is sufficient to balance the ambient

electron flux, so the sunlit side of the spacecraft floats at a potential

of 5.1V, while the shaded side floats at -2.96 kV. As a result, the

spacecraft potential has a strong dipole moment, resulting in the existence

of a potential barrier which surrounds its sunlit side. The height of

this barrier is -0.61 kV, while the assumed photoelectron emission

temperature is only 1.5 eV, so almost all photoelectrons reflect from

the barrier and return to the spacecraft, an effect which we have not

taken into account in this calculation.

In Fig. 4.9 we have included this effect, and have allowed CYLVIA

to converge to the resulting more-realistic steady state. As a result

of photoelectron reflection from the barrier, the sunlit side of the

spacecraft has charged to a more negative potential. As a result,

the barrier height in the sunward direction has been reduced to -0.2V.

A substantial fraction of the photo-electrons now escape over the barrier,

permitting the local currents to come into balance. A further indication

of this is that the saddle point has moved inward from 5.9 spacecraft

radii almost to the spacecraft surface: such an inward movement was first

predicted by Fahleson (1973) , and is evident also in the results of

Katz et al (1979, Figs. 17-21) and Besse and Rubin (1980).

The resulting changes in the potential profile along the spacecraft-

sun line are shown in Fig. 4.10. The inward motion of the saddle point

is again evident. Most importantly, the amount of differential charging

between the sunlit and shaded sides has been reduced dramatically, from

2.96 kV to 1.19 WV. Potential-barrier formation evidently exerts a

controlling effect on the differential charging. This is increasingly

recognized as being the normal condition in differential-charging

situations (Purvis, 1982; Katz and Mandell, 1982) . Because the

capacitances between various parts of a spacecraft are generally much

larger than the free-space capacitance of the entire spacecraft, the
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charging times for differential charging are usually much larger than

those for absolute charging (Purvis, 1982).

It is clear from our example and also the examples presented in

Sec. 4.5 (and also another example to be presented in Sec. 5.2), that the

formation of potential barriers is very geometry-dependent. This is

the case because in geostationary-orbit conditions, space-charge shield-

ing around spacecraft of "ordinary" size (up to a few tens of meters) is

a small effect (since the ambient Debye length is usually at least

this large), and electric fields produced by charging on one part of a

spacecraft surface readily surround other parts of it , even if these are

on the other side of the spacecraft. Detailed simulations which

include realistic representation of spacecraft geometry therefore

appear likely to remain important for studies of spacecraft charging

whenever the possibility of barrier effects exists.

In Fig. 4.11 we show another CYLVIA calculation which is discussed

in detail in Sec. 5.



5. XYCIC: A SIMULATION FOR GENERAL PLANAR-SYMMETRIC (TWO-DIMENSIONAL)

SPACECRAFT GEOMETRIES

5.1 INTRODUCTION

We have developed and partly tested a program called XYCIC 7(X,Y)

Charging Investigation Code], which is designed to permit simulation of

a wider class of two-dimensional geometries than does CYLVIA. XYCIC is

designed to treat any spacecraft cross-section which takes the form of

one or more polygons, each of which joins a set of unit lattice points

in a Cartesian plane with lines having slopes of 0, -1, ±1, ±2, or .

Thus a circular cylinder can be approximated by either an octagon or a

hexadecagon (16-sided polygon). At present, the geometric features, or

"object-generation" portion of XYCIC, and its Poisson-solver, have been

completed and tested, ad program segments incorporating the same plasma

simulation features as in CYLVIA (Secs. 4.1- 4.4) have been written and

partly tested. A listing of the present version of XYCIC appears in

Appendix E.

As noted in connection with Fig. 4.7, plasma simulations in two

dimensions generally involve strong sensitivity to boundary effects,

unless space-charge shielding intervenes, an effect which frequently

does not occur at the large Debye lengths typical of geostationary-orbit

conditions. In such cases, as we have seen, it may become necessary to

place the outer boundaries of computational domains very far from a

(simulated) spacecraft. In order to accomplish this in XYCIC without the

penalty of excessive numbers of grid points, we have constructed its

computational domain as a set of nested square grids, each of which is

centered in the next larger one, and such that in crossing the boundary

from each to the next larger one, the grid interval is doubled. A

similar succession of nested sub-domains is used in three dimensions in

NASCAP (Katz et al, 1977). On the boundary of the outermost domain,

the potential is assumed to be zero.
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5.2 PRELIMINARY RESULTS

Figure 5.1 shows a XYCIC calculation of equipotential contours

around an octagonal approximation to the circular cylindrical geometry

of Fig. 4.11. As in the case of Fig. 4.11, the surface potentials in

Fig. 5.1 have the imposed values shown, rather than self-consistent

values. A total of 7 nested grids have been used in this calculation,

with the outermost grid boundary located at 27.4 haif-widths of the

simulated object.

This calculation, and the CYLVIA calculation shown in Fig. 4.11,

have been done for comparison with a NASCAP calculation (Olsen, 1980,

p. 190; Olsen ad Whipple, 1980, Fig. 16) of potentials around an

octagona±-- ylinder "model object" which approximates the ATS-5

satellite. The feature of greatest interest in both sets of calculations

is the potentials of the four saddle points which occur outside the 50 V

sections of the spacecraft surface, which represent conductive areas

from which electron emission occurred on the real spacecraft. Comparison

of our results, Figs. 4.11 and 5.1, with each other indicates a satis-

factory level of agreement between them with regard to the potentials and

locations of the saddle points. This is the case even though the CYLVIA

calculation contains a small amount of linear space charge, while the

XYCIC calculation contains none.

Comparisci of either result with that of Olsen and Whipple indicates

that our saddle points are located about twice as far from the spacecraft

surface as theirs, and have larger negative potentials (-56 to -59 V)

than theirs (-53 V). These differences undoubtedly result from the

fact that our simulation is two-dimensional and theirs is three-dimensional,

even though our geometry in Fig. 5.1 is identical with that of their

cross-section. Incorporation of three-dimensionality into our calculation,

using the approximate method described in Sec. 4.3, would probably bring

our results into much closer agreement with theirs, but we have not yet

done this. In modifying our calculation in this fashion, it would

probably be advantageous to perform our calculation as the superposition
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of two modified calculations of the type described by Eqs. (4.8) to (4.11).

)ne of these would have surface potentials given by the (uniform) averaie

(taken over surface position) of those in our Figures, and the character-

istic length , used in it would be that of the ATS-5 model object. The

other would have surface potentials given by the departures from this

average, and its (much smaller) value of " would be that of the con-

ductive patches on the ATS-5 object. The disturbance potential of the

patches would then decrease more quickly with radius, in better agreement

with the Olsen and Whipple calculation.

Figure 5.2 shows a XYCIC prediction of equipotentials around a

composite "object" which represents a cross-section through a hypothetical

spacecraft-body-and-antenna combination. Again the surface potential

values are given ones; in this case they are hypothetical. Other data

pertinent to this calculation are given in the figure caption. If

self-consistent calculations are made in the future with a geometry similar

to the one shown, the "cutout" in the spacecraft body, and the region

between the spacecraft body and the antenna, would both become examples

of the "snaded cavities" discussed in connection with Fig. 2.8. It would

then be possible to verify the prediction, made in Sec. 2.3, that

electrically-isolated surfaces inside such cavities may charge to

larger negative potentials than those elsewhere on the spacecraft. It

would also be possible to investigate the relative importance of the two

mechanisms, discussed in Sec. 2.3, which may produce such charging.

&I
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6. AN ANALYTIC CALCULATION OF SURFACE PHOTOCURRENTS

6.1 INTRODUCTION

Photoelectron migration can be an important cause of surface currents

on spacecraft in charging situations. Numerical methods of calculating

photoelectron migration involve following a large number of electron

orbits which will generally be short (from origin to impact point) and

have large curvature. Such a prccedure can be a major source of

expense in operating a simulation program. A good analytic approx-

imation for surface photocurrent can therefore be of great value. If

photoelectron migration takes place over a curved surface, the

sunlight incidence angle will vary over this surface and therefore so

will the photoemission flux. On the other hand, if the normal component

of electric force on the electrons is attractive toward the surface and

is large enough, the total distance of their travel along the surface

will be short enough that effects of surface curvature on their orbits

can be neglected, so a model situation involving a planar surface with

a photoemission gradient along it becomes appropriate. In Section 6.2,

we perform an analytic calculation of surface photocurrent for such a

situation. In Section 6.3, we do a partial numerical verification of

our result by comparing it with a numerical result obtained using

CYLVIA.

6.2 THEORY

In this Section, we derive an analytic expression for the surface

current density of photoelectron migration along a plane surface y= O,

in the presence of: (a) a uniform normal electric field E > 0, which
Y

causes photoelectrons emitted from the surface to reimpact it (Fig. 6.1)

(b) a uniform tangential electric field E. (c) a uniform photoemission

current density gradient Jph dJPh/dx, so that the photoemission current

per unit surface area is Jph(x) = Jph,o + J ph x. This photoemission

jradient, or "production jraiient", would ordinarily be caused by a

spatial variation in the illumination of the surface. We also assume
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that photoelectrons are emitted with a Maxwellian velocity distribution

corresponding to a temperature T=Tph. In the presence of (a) and (b),

all photoelectron orbits are parabolas whose axes are parallel to the

resultant electric field vector (Fig. 6.1). The impact location x for

a photo,7]ectron which originates at xo with emission velocity components

V X0and Vyo is:

2m Ex 2
0 + - (v x 0 vY (6.1)

o ey y o

where e is the magnitude of unit electronic charge. The surface

current T in the x direction, per unit distance z perpendicular to the

(x,y) plane, can now 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. We note that

vy o f(Xo,Vxovyo ) is the number of photoelectrons produced per unit

surface area per unit vxo and vyo, where f- d2N/dvxdvy is the two-dimensional

velocity distribution of photoelectrons and N is their number density.

We obtain:

f =-f dx 0 fdvx° fdvyovyo f(x°' vx0 VY,)H+ (x°,v °' Yo) (6.2)

SfdXo fdvxo fdv o V f (X0 , vxovyo) (xoVxoVyo
0 -o 0 O

3/23
where f =(l/21)Jh(X)V(m/kT) exp(-mvo2 /2kT), and H+ and H are equal

to 1 if the impact location x given by (6.1) is positive or

negative, respectively, and equal to 0 otherwise. We define:

v 2= v 2 +v 2 tan-(v /v tan-(E /E x ). (6.3)
0 xo yo yo xo y x

Since v >0, (6.1) implies that x >x if vxo '> (Ex/E )v , or I .
yo <0 x y yo<

Equation (6.2) now becomes:

M ( fd mvo2 2 s 0
r = v 2 exp ds dx (Joh, o + 

J/2T k T 0 0 2k)f mvo 2  0 - Jph Xo)

0 - ( cos sin -6 -cot sin2)
eEy

e (cos I sin -cot E sin2b)
m2 mVo2 f ey

m fdv0 v2 exp(- - fd sin dXo(Jph,o
Tri a sinTj dp(ph Jh

(6.4)
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We define:

r10 =ph kT/eE; y= 6r.5o ph~o(6.5)

x (eE /kT)x; ji = J' r /J 2
y ph o ph,o

u = v m/2kT0

Then (6.4) becomes:

¥=" foU e - u  fd [u 2 (cos sin2  -cot E sin3 )d2 u2 e
2 f~ 2 3

0 ~ 0

- 8u 4 j'(cos 2 
i sin 3ip- 2cos sin 4 i cot + cot2 sin5b)]

= - 4cot - j'(4+ 16cot2). (6.6)

Using (6.3) and (6.;), we finally obtain:

= _
4Jph'okTphEx - . ekyh 4 + 16.- -)l (6.7)

eEy ph eE Ey

This result contains, respectively, a potential-gradient term, a

production-gradient term, and a cross-term. The effect of the cross-term

can be substantial: we see that it enhances the production-gradient term

five-fold if (Ex/Ey)2 = 1, in comparison with its value when Ex = 0. This

is true regardless of the sign of Ex; in other words, surprisingly, an

"opposed" electric field causes the same enhancement as an "aligned" one.

The potential-gradient term is twice that given by Eq. (14) of

Pelizzari and Criswell (1978); this can be seen as follows. If one

assumes that photoelectrons are emitted isotropically, corresponding to

a value of zero for the parameter b in their Eqs. (13) and (14), then

in our notation, their Eq. (14) is:

4J p (3 Tph) E (6.8)

3Ey 2
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where our quantities -eF, Jh' and JkTph are the same as their J

F, and (E>, respectively. It is readily seen that (6.7) with J =0

gives a result twice as large as (6.8), as just mentioned. To see why

this difference occurs, we rederive Pelizzaii and Criswell's result

more rigorously, as follows. From our Eq. (6.1), the contribution of

Ex to particle displacement in the x direction is

-2mE x v 2
yo

eE 2 (6.9)
y

which is the same as their Eqs. (9) and (11) combined. The contribution

due to v in (6.1) averages to zero. Now the surface current density
XO

per unit z equals the integral over v and v of: photoelectronxo yo

production rate per unit v and v per unit surface area in the (x,z)xo yo
plane, times distance travelled by particles of a given v beforeYO

impact [given by (6 .9 )J . This production rate in turn equals number

per unit volume per unit vxo and vyo , times the value of vyo.

Therefore:

=f dyo f dvX f v (-2mr vy°)
0yo eEy 2

Jph,o m3 2mEx mx )

Mp ) 2 2m) fdv exp (- I ) f dv v 3 exp -n---)
kT eE y _. 2kT 0 yo yo 2kT J

4Jph,o kTph

eEy 2  
(6.10)

in agreement with our result [Eq. (6.7)] rather than that of Pelizzari

and Criswell. The reason for the difference evidently involves the fact

that we have integrated Eq. (6.9) over vyo but they did not. Thus we

perform an integral containing v 3 [in the first line of (6.10)], but

their procedure involves essentially an integral containing vy2 (to

evaluate their quantity <E>), times a separate integral containing vyo

(to obtain Jph,o from f). Their procedure therefore involves the use

of incorrect moments of the velocity distribution function of photoemitted

electrons.
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6.3 COMPARISON WITH A NUMERICAL RESULT FROM CYLVIA

Figure 4.3 shows a CYLVIA calculation of equipotential contours

surrounding a cylindrical spacecraft cross-section whose surface consists

of two independently floating conductive sectors, the smaller of which

is shaded and subtends an angle of 900. Data pertinent to this calcu-

lation are given in Sec. 4.5. The most noteworthy feature of Fig. 4.3

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.

The resulting normalized curient densities jiJe , and jph of

ambient ions, ambient electrons, and photoelectrons are shown as functions

of surface position in Fig. 6.2. We have made a separate calculation of

Jph using Eq. (6.7) with the tangential electric field Ex set equal to

zero since the spacecraft surfaces are conductive. To use (6.7), we note

that the net photoelectron flux out of the surface is equal to the

divergence of r with respect to surface coordinates. In our geometry,

this means that

hein -J = -1 dF 4 d fkTph' dJph outi
phnet ph,in Ph,Out r d- = se L\eEr I d (6.11)

where
edJph,out/dO = - 4 5x 10-8 sine A/m2 (-I T < 9 < )

and the radial electric field Er is obtained from the numerical solution

for (r,6) used to construct Fig. 4.3. Net photoelectron currents

obtained in this way are shown as dashed curves in Fig. 6.2. We see that

near 6 = 00, the net outward photocurrent is badly underestimated by

Eq. (6.11) since the potential barrier for electrons at this location is

not much higher than the photoelectron mean thermal energy, so a

substantial fraction of photoelectrons escape, and this is not allowed

for in Eqs. (6.7) and (6.11). However, in the interval 300< OQS90 ° ,

where photoelectron escape is negligible,agreement between Eq. (6.11) and

the numerical result is much better. The numerical result is about 10%

to 20% above that given by (6.11); the most important reason for this



difference is probably the fact that the tangential electric fieldi,

although zero at the spacecraft surface, is nonzero outside it, and the

form of the cross-term in (6.7) indicates that the production- gradient

current [which is the one calculated in Eq. (6.11)] is strongly sensitiv.e

to such fields. we have shown the photoelectron current as decreasing

to zero almost discontinuously beyond 8O= 900, because the average

angular distance of photoelectron migration in the electric fields at

this point (E6 0, Er=18 2 4 V/rn) is about 0.10.

Anotner noteworthy feature of Fig. 6.2 is the decrease in the flux

of ambient electrons at larger e, caused by the increasing height of the

potential barrier as one moves away from the sunward point 8 00.
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7. FLUX AND DENSITY CALCULATION FOR COLLISIONLESS PARTICLE ORBITS

Calculation of current density deposited on a surface by particle orbits

neighbouring a given orbit is of importance in several contexts related to

spacecraft charging. Examples of these are: calculation of current density

deposited on one part of a spacecraft by photoelectrons, secondary electrons,

or beams of charged particles emitted from another point on it, or calculation

of ion current density deposited on spacecraft surfaces in the presence of

either a (model) infinite or a large but finite ion speed ratio. In this

Section, a simple, general procedure is described for obtaining such information

essentially as a byproduct of a numerical orbit calculation. The procedure is

based on a perturbation of the orbit equations, and involves finding the evolution

along an orbit of the axes of a differential tube of neighbouring orbits. The

positions of these axes are given in terms of a set of integrals, contributions

to which are collected as the orbit is followed numerically, and whose inte-

grands involve the space derivatives DF./2x. of the force components of points
1 J

along it. At a surface impingement point, current density is then obtained by

projecting the cross-section of this tube onto the surface tangent plane. The

same formulation can also be used to obtain information about particle number

density along an orbit.

In order to appreciate the usefulness of such a procedure it is instructive

to compare it with the "standard" procedure which one would normally follow in

calculating values of current density deposited on surfaces, and space charge

density, of collisionless ions with negligible thermal motion flowing past a

collecting object. The "standard" procedure is to numerically follow sets of

neighbouring, initially-parallel particle orbits inward from an assumed

unperturbed region far from the object, and to calculate flux and density

everywhere between any two orbits by finding out how far apart they have become

at their impingement points or elsewhere. This method has inherent difficulties:

if the orbits chosen are too far apart initally, an orbit may eventually go off

in a very different direction than the orbit next to it, making calculations of

flux or density between them impossible or unrealistic. On the other hand,

if they are initially too close together, inaccuracies in calculating either

orbit may obscure the small difference which one is trying to calculate.
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Our calculation proceeds as follows. The equations of particle motion

are:

d X F(x,t) (7.1)

dt
2  m

which is equivalent to:

d2x Fxi  t) (7.2)xi xi 1' x2,x3,t

dt2  m

Integration of this yields:

x.(t) xi(O) + vi(O)t + dt' dt" F,("' t"] (7.3)

m

For perturbed orbits, (7.2) is replaced by:

2 F + 6F
d (xi + 6x i ) = i (7.4)

dt2  m

Subtraction of (7.2) from (7.4) yields:

d2 6x. = 6i (7.5)
- I -
dt2  m

We now assume that perturbations at any instant are small. Then:

6F. = Z i 6x. (7.6)

i ax.
3x

2 3
i.e. we ignore (6x.) 2

, (6xj) 3
, etc.

Equations (7.5) and (7.6) now imply, after integrating twice:
t t'

6xi(t) = 1 dt' dt" Z 1 [xk(t"),t"]Sx.(t") + 6xi(0) + t 6v.(O)
(7.7)

where the nine quantities DF./3x. must be provided along the unperturbed orbit

given by xk(t") and t".

-



By noting that the region of integration in (7.7) is a triangle in (t',t")

coordinates, and then interchanging the order of integration, we can change

(7.7) into the equivalent form (A.D. Stauffer, private communication):

t 3F.
5x.(t) = 1 dt"(t-t") . [x,(t")']3x. (t") + xi (0) + t v. (0) (7.8)

.1 J kJ 1

which contains only a single integration.

We now consider a monokinetic particle beam having initial velocity

(Vo,0,O). This implies a zero initial perturbation velocity: 6v(0) = (0,0,0).

We choose two mutually orthogonal initial perturbations in position:

2x(O) = (0,1,0) (7.9)

63x(O) = (0,0,1)

Since (7.8) is both linear and homogeneous in 5x, final values of 6 x and 3 x
2 3

are proportional to initial values, as one expects for perturbation quantities.

Furthermore, if 6x(O) = a 52x(O) + b 3 x(O), then 6x(t) = a S2x(t) +

b 63x(t), where a and b are unchanged.

We now consider an initially circular differential tube of orbits defined by

(7.9). As the unperturbed orbit is followed numerically, we simultaneously

calculate C2 x and C3 x using (7.8). At the impingement point of the orbit,

we project these onto the surface tangent plane (Fig. 7.1). The area of the

ellipse thus generated is inversely proportional to the current density deposited

on the surface.

For a monokinetic beam, this gives current density with no approximations.

The linearity of the perturbation equation (7.5) now implies that all

orbits passing through A (Fig. 7.1) also pass through A. Therefore the total
0 

T
current carried by the tube is a constant, equal to AoJ = - Jo where Jo is the

current density through A0.0
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The area A is given by:

i k

A = x x 2x2'2x3 (7.10)
A 2 -1 314 2'1 622 2

2x  X 2x
3X1 3x2 63x3

where i, j, and k are unit vectors along the coordinate axes.

The current density at the surface therefore varies inversely as the

projected tube area given by:

n n n
1 0 2 x X 63 x  

-4 2 2 3 (7.11)

3 x 1x 63x 2 6 3x3
62x I 62x 2  62x

3x1 3x2 3x3

evaluated at the orbit impingement point on the surface, where n is a unit

vector perpendicular to the surface tangentplane (Fig. 7.1).

The current density at the surface therefore is:

n  n  n

1 2 3

Jsurface 0 Jo 2 1 2 x2 62x 3  (7.12)

6 x 6 x ~x
3x1 3x2 3x3 surface

It is possible for the plane of the ellipse to be perpendicular to the

surface tangent plane. This occurs when the perturbed orbits happen to cross

each other at the surface. The current density at the surface will then be

infinite. This can occur only for a monokinetic distribution of initial

velocities, which is only an approximation to real distributions.

We can also obtain an expression for number density n along the orbit,

since nv times the projection of A on a plane perpendicular to v remains

constant along the orbit.



63

i.e. the product - n v (6x X x is constant.
4 2 X 53x

We therefore obtain:

vI v2  v 3

n lv 6x 1 x 62x3 (7.13)

63 x1  6 3x 2  6 3 x 3

For a monokinetic distribution, n can also become infinite if the perturbed

orbits cross each other. For the same distribution, n(and j srface if a surface

is present) can also become infinite if one of the vectors 6 2 x or 6 3 x, or some

linear combination of them, becomes zero. An example of this occurs on the

(wake) axis of symmetry behind a sphere in a flowing collisionless plasma

containing infinite-speed-ratio ions.

In two dimensions the perturbation produces a differential strip rather than

tube. The corresponding results are:

/ I l "
Jsurface o 6xl 6x (7.14)

1  2 2 surfaceI

n =nv (7.15)
0 0 6x 1  6x 2

We can also consider velocity-space rather than position-space initial

perturbations. We assume that:

6 2x = 63x = 0, but 6 v = (0,1,0), and 6 v = (0,0,1). (7.16)
2 32 ' 3

This permits us to treat situations where the ion speed ratio is large but not

infinite. We can use (7.16) to do a calculation of ion defocusing on the

wake axis behind a sphere, valid to order S where Si is the ion speed ratio.i '

We consider the situation shown in Fig. 7.2, in which an unperturbed orbit,

initially parallel to the ion drift direction,has already been computed, in the

presence of some known or given electric potential distribution e.g. a Coulomb

potential. This orbit crosses the z axis at a downstream point zo . Because
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all orbits having the same impact parameter r-cross at zo , the ion density

at this point is "infinite" unless the ions also have some random motion

(Siis finite). In reality the resulting space charge along this axis will
1

influence ion orbits near it, but we ignore this effect here. We assume

that values of 3F /3r, 3F /3z, F /Dr, and 3F /3z are known alon; the
r r z z

unperturbed orbit. Our procedure is as follows. We choose two initial

velocity perturbation vectors 6 v(O) and b V(O) in the plane of the unpertubedab

orbit (Fig. 7.2). We also choose 62x(O) = 63x(O) = 0 at zo. We now do

our perturbation calculations backward, or "inside-out" along the ion orbit,

even though we initially calculated the orbit forward, in the ion direction

of motion. A single integration of (7.5) with (7.6) yields:

t DF.

6vi(t) = dt' E [xk(t'),t']6x (t') + 6v.(O) (7.17)
0 J J a i

For each of our two initial velocity perturbation vectors, we first integrate

(7.8) from z to an upstream point at which the orbit is essentially no longer

affected by the electric field of the sphere. We then use the resulting values of

5x.(t') [in this case 6r(t') and 6z(t') ] in (7.17) to calculate 5v.(t) [in this

case 6vr(t) and 6v (t) ] at the same upstream point. The linearity of the
r zI

perturbation calculation

already discussed, implies now that multiplying 6 v(O) and 6bV(O) by any

constants a and b means that 6 V(t) and 6 V(t) are also multiplied by a and b.a b
Suppose now that the velocity distribution at the upstream point is a drifting

Maxwellian. The linearity just mentioned now implies that velocity components

in the (r,z) plane at the upstream point map linearly into those on the axis

at zo, so an integration over velocity space to find the density at z is easy to

perform. This now will be found to yield a finite rather than infinite result,

essentially because most ions will now have a small amount of angular momentum

about the axis of symmetry and will no longer be found at z0 , and our perturbation

calculation implicitly takes this into account.

As a final example, we consider the case of a nearly-monokinetic beam

(the usual case for ion or electron guns on a spacecraft). We first need to calculate

the five perturbation quantities 62x,..., 66 x resulting from choosing initial

perturbations given by (7.9) and by 61V(O) 
= (1,0,0), 62V(O) = (0,1,0), 63v(O) =

44.

(0,0,1). The values of S2 x and 6 3 x then give, as before, current density or

space-change density at any point of interest, but these are now differential
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quantities with respect to the velocity distribution f d 3N/dV dv dv of the

beam at its emission point; i.e. the values of these quantities found in this

way are proportional to f(v 'v2,v3)dv dV2dv The remaining perturbation

quantities 64x, '6 5x, and 6 6
x then give the required information about the

spread of the beam in position space. This may itself be due or partly due

to beam space-charge; if this is the case, then the force derivatives Fi/xI

must themselves be found self-consistently, complicating the problem; in this

case, calculations of the kind presented here would presumably become part of

an iterative scheme.

If the beam is not nearly monokinetic (as will often be the case if it

has not been deliberately accelerated) or it creates its own potential barrier

around the spacecraft, so that part of it escapes and part does not, then

evidently differential perturbations in velocity do not provide a realistic

description of the result, and one would then need to replace calculations of

84x , 65x, and 66x by separate, non-perturbation, orbit calculations for a

representative discrete sample of the particle velocities most strongly

represented in the beam.
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Fig. 2.1. Steepening of shaded-side potential profile, and sunlit-side

potential barrier formation, caused by shaded-sunlit asimetry on
a spacecraft with an insulated surface, after Fahleson L1973].
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Fiq1.2.2. Conductive spacecraft with shaded isolated surface patch.
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Fig. 2.4. Current-voltage characteristic for qold in "quiet" conditions,

with a one-dimensional velocity-space cutoff.
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Fig. 2.5. Current-voltage characteristic for aluminum oxide in "quiet"

conditions, with a one-dimensional velocity-space cutoff.
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Fig. 2.6.Current-voltaqe characteristic for quartz in "quiet" Conditions,

with a two-dimensional velocity-space cutoff.
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-Fig. 2.7. Current-voltage characteristic 
for activated beryllium-copper 
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"quiet" conditions, with a one-dimensional 
velocity-space cutoff.
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Fig. 2.8. Spacecraft with shaded isolated cavity, showing incident ion and
electron orbits with energies close to the lowest for which
collection of each species is possible. The orbits shown are
cutoff orbits, defined as the most nearly tangential orbits for
which incident particles of a given energy are able to reach a
given point on the spacecraft surface, having tangential velocity
component in a given direction.
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Fig. 2.9. Disappearance of multiple roots in the current-voltage
characteristic of a spacecraft surface, as a result of temporal
changes in ambient electron velocity distributions. These illustr-
ations are schematic only but are representative of predicted
behavior for various surface materials. Some combinations of
materials and environments for which such behavior is predicted
appear as clusters of three numbers in Table 1.
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r
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Fig. 2.10. Spherical spacecraft with downstream point (relative to ion
drift direction) shaded.
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Fig. 2.11(a) Hypothetical symmetric equipotentials around a spherical
spacecraft (b) nonsymmetric equipotentials around the same
spacecraft.
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Fig. 2.12. Nondimensional downstream-point ion current density

ji1T Ji~r/[N~e(kTi/27Tmi) ] as a function of ion speed ratio

Si =U/(k~imi)for various nondimensional surface potentials

x= e4s/kTi, assuming spherical geometry, zero magnetic field,
uniform surface potential, collisionless large-Debye-length
conditions, and drifting Maxwellian ions. For Si -O0 jii- I+IXsI

when Xs<0.
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Fig. 2.13. Nondimensional downstream-point ion current density j i as
a function of surface potential X for various ion speed ratios Si,

for the same conditions as in Fig. 2.12. The straight lines shown
are power-law approximations.



7A A 30 043 NUMERICAL SIMULATION 
OF SPACECRAFT CHARGING 

PHENOMENA )
OTIH ALTTUDE..U) YORK UNIV DOWNSVIEW (ONTARIO)

CENTRE FOR RESEARCHIN EXPERIME.
UNCCASSIFED JO GAFRAMBOISE ETAL 10 AUG 82 F/ 022/2



Ull2zII1 IIIlLDM16

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARS-196

3 A



88

Ar, B~r

0./

000/

0 / 2
Si

Fig. 2.14. Dependence of the power-law coefficients Ar, B71 and a Ton
ion speed ratio Si.
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Fig. 2.15. Upper and lower bounds on floating potential f at shaded
downstream point of spacecraft, as a function of ion speed ratio S
for various ion-to-electron temperature ratios c, for Maxwellian '

electrons and drifting Maxwellian ions, for one-dimensional and
three-dimensional ion velocity space cutoffs.
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Fig. 2.16. Upper and lower bounds on floating potential f at shaded
downstream~ point of spacecraft, as a function of ion speed ratio S.

for "disturbed" and "quiet" electron velocity spectra representing1

geostationary orbit conditions, for one-dimensional and three-dimensional
ion velocity space cutoffs.
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electron
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Fig. 3.1.(a) typical form of secondary-electron yield 6 (secondary

electrons per incident primary electron), as a function of incident
primary kinetic energy E, at normal incidence (b) energy-differential
electron flux dJe/dE for Maxwellian ambient electron velocity

distributions at two different temperatures. Total secondary-

electron flux is obtained by integrating the product of these two

functions [multiplied by another "actor given in Eq. (2.10)] over

energy E.
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Fig. 4.1. Coordinate system and definitions for particle orbit
integration.
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Fig. 4.2. Position-space (a) and velocity-space (b) coordinates for
calculation of incident current density at a surface point.
Figure 4.2a shows several particle orbits incident at a surface
point 0, one of them having originated at the surface point 0 0

0

A
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0.I

SP CE- .25

Fig. 4.3. Equipotential contours around a cylindrical spacecraft
cross-section with two conductive sectors having angies of 2700
and 900. Sector potentials are -2.265 kV and -11.88 kV, respectively.
Other data pertinent to this calcul-tion are given in Sec. 4.5. The
radial coordinate in Figs. 4.3-4.5, 4.8 and 4.9 is 1+ Rn(r/r s )
where rs is spdcecraft radius.
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SUNLIGHT

Fig. 4.4. CYLVIA calculation of equipotential contours around a
cylindrical spacecraft cross-section with four sectors each
having an angle of 900. The two sectors labeled "A" are conductive,
have the photoemission properties of aluminum, and are connected
together electrically, as shown schematically in the figure.
The two sectors labeled "Q" are nonconductive and have the
photoemission properties of quartz. In this and subsequent figures,
the symbol + indicates the location of a saddle point. Other data
pertinent to this calculation are given in Sec. 4.5. The radial
coordinate in this figure is as in Fig. 4.3. The floating surface
potential distribution resulting from this calculation is shown in
Fig. 4.6.
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CRRFT

Fig. 4.5. Same as Fig. 4.4 except that the spacecraft has been
rotated by 900.
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FIG. 4.5_ FIGS.
-3-- FIG. 4.8 4.4,4.8

SUNLIT - SHADED_400  I I-I - L)

900 e 1800
Fig. 4.6. Distributions of floating surface potential vs anqle for

the calculations shown in Figs. 4.4, 4.5, and 4.8.
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CYLVIA;
Outer Boundary

Surface at 12 SpacecraftPotential, Radii
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CYLVlA; \
Outer Boundary \-2 at &7 -- 1097

Spacecraft
Radii

-2.5-

SUNLIT .*_SHA_.D

0 300 60090

Fig. 4.7. Distributions of floating surface potentials vs angle for the
calculation shown in Fig. 4.9, and also for another one which is the
same except that the outer boundary of the calculation (which is
held at space potential in all cases) is at 12r s rather than e7 r
Also shown is another result for which the outer boundary is at s
12r s , calculated using a program called TWOD, which combines NASCAP
physical assumptions with circular cylindrical geometry (M. Mandell,
Systems, Science and Software, Inc., private communication).
Other data pertinent to these calculations are given in Sec. 4.5.
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SUNL IGHT

-0.2 kV

Fig. 4.8. CYLVIA calculation of equipotential contours around a cylind-
rical spacecraft cross-section having a nonconductive surface,
corresponding to a surface potential distribution calculated
assuming local current balance only (i.e., the presence of a
potential barrier is ignored in calculating photoelectron escape).
The symbol + indicates the location of a saddle point. The photo-
electron charge flux eJ = 4.2xl- 5A/m 2 at normal -ncidence.ph

Tph= 1.5 eV. Ambient ion and electron distributions are single
Maxwellians, each with n =3cm- 3 and T= 1 keV. Secondary and

backscattered electron fluxes are assumed zero. The polar-coordinate
computation grids in position (r,O) and in velocity space contain
65 x16 and 8 x 16 intervals, respectively. Outei grid boundary
radius rB is e7 times spacecraft radius rs. Linearized ambient space

charge (Eq. 4.3; Laframboise and Prokopenko, 1977), corresponding to
a Debye length of 96 rs, is assumed. Radial coordinate in Figure
is 1+ In(r/rs).
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Fig. 4.9. Same as Figure 4.8 except that the calculation is now
self-consistent including potential-barrier effects on photoelectron
and other particle orbits.

~i.
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Normalized distance x/r s
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current balance only
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Fig. 4.10. Potentials vs distance along spacecraft-sun line for the
situations shown in Figs. 4.8 and 4.9, showing the large decrease in
differential charging which results when potential-barrier effects
on particle (especially photoelectron) orbits are included. Without
these effects, surface potentials at the sunward and anti-sunward
points are 5.1V and -2.96 kV; with these effects, these potentials
are -1.76 kV and -2.96 kV.
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-7050

-50

-555.9

Fig. 4.11. CYLVIA calculation of equipotentials around a circular space-
craft cross-section with given rather than self-consistent surface
potentials, as shown. In this Figure, the radial coordinate is
proportional to radius. The computational grid in (r,e) contains
65 × 180 intervals. The outer grid boundary is at e 5  148 spacecraft
radii. Linear space charge corresponding to ?D = 32.5 spacecraft
radii is assumed. Other data pertinent to this calculation are given
in Sec. 5.2. This calculation was done for the purpose of comparison
with a XYCIC calculation shown in Fig. 5.1, and also with a similar
but three-dimensional calculation done using NASCAP (Olsen, 1980,
p. 190; Olsen and Whipple, 1980, Fig. 16) . The results of this
comparison are discussed in Sec. 5.2.
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-50 V

0 -5-5.
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8.6 -50SPACECRAFT58

50

Fig. 5.1. XYCIC calculation of equipotentials, corresponding to the
CYLVIA calculation shown in Fig. 4.11. One difference between
these two calculations is that in the XYCIC calculation, zero space
charge is assumed. The innermost grid used in the XYCIC calculation
contains 40 x 40 intervals; the octagon has a dimension of 28x× 28
intervals and is centred in this grid. Six other grids surround
the innermost grid; the outermost grid boundary is a centred square of
side 19.2 times as large as the innermost grid boundary, i.e.
located at 27.4 object half-widths.
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Fig. 5.2. XYCIC calculation of equipotentials around a cross-sqection

through a hypothetical antenna + spacecraft body combination. As
in Figs. 4.11 and 5.1, surface potentials are imposed (in this case,
also hypothetical) values. Zero space charge is assumed. The
innermost grid used contains 32 x 32 intervals with the combined total
width of the "object" being 24 intervals. Six other grids surround
the innermost grid; the outermost grid boundary is a centred square
of side 20 times the innermost grid boundary, i.e. located at 26.7
nilf-widths of the combined object.



105
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Ft=-eEx 0O

Photoelectron
Emission
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Fy -eE CO

_SURFACE

Ax0

Fig. 6.1. Geometry for photocurrent sheet calculation. The illumination
is assumed to vary linearly with x, producing a photoemission current

density Jph(xo) Jph,o+ Jph'Xo. The electric field components Ex
and Ey are assumed uniform, so that the surface potential varies
linearly with x. The electron orbits are then tilted parabolas.
Their impact points x can be found analytically (Eq. 6.1) for given
values of emission position x0 and emission velocity components
vxo and vyo .
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Fig. 6.2. Current densities vs surface position for the situation shown
in Fig. 4.3 and described in Sec. 6.3. In this Figure, normalized
current density j is defined as J/Jref, where Jref is the random
flux of Maxwellian ions having a temperature and density of 1 keV
and 1 cm- 3 . Approximate photoelectron currents Jph obtained using
the approximatp surface current ("current sheet") model given by
Eqs. (6.7) ana 16.8) are shown as dashed curves.
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Fig. 7.1. Particle orbit geometry.
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Appendix B: Listing of threshold temperatures program

-. 00 L I. .

Tt~t. t ton -t NI I It ICA't 1- CEN- 1.11tM III, .tot If h1 I TO111 -. 0t tn41 t 1T~tM I ALI 1NCLIIIN, AN.ttLAi ItYLFltE4-t It It'. -C Et

EtittlVAL LlRt Cottny.IfUTon tt11 IttL, . tit) To 4ittA Etl0 '.1T~ 05..1. 0' ttltt l.t.
DATA RlJNStI,.IAOE 29. tItIG 'l.,'tt.Tt'? T Io .ttDATA LUII3'.L1 RAt,'0 [IoLDr,0, t lft1~'t~~oS

- tO 500 I aooNS40N0JTI

-WtN0 DttN , -
. 1I

IAC-N. A tO- I T
It T S.D I. Ti N-4R I
t-tIEtI.N4t NT'ATI

Do 500 1V4 L.LE DID Iitt 3-D1

'0. Ito TURN.L.I cTR

'0.0 I T
1I;t.WAAI.EO.It TO-E"
IfINPAET.EO.2T T-EN'2.O fUOTCTION RCTjTfTtr
tio T, tIo COMMTON En.nRNA.tC,.IL.:D.ITt~

lo 4:==.: 
CALL, INTOT4EINDOI

TFT IFLR.EO.2t GTOO Do Kt TI
DZ.DLtt

A I-Ir - .0 A UNCTION FINTGtEt 
I

ANDt.01) ZtNt.SIEIA8 LctITR Etl.An.REm...CJFZ.FGICT4.tDI141Ot
201 F000ATtI0,.'Z. .F5.D.5U.*DETAI.'.EIs.OT T''.AO~~'RIE

G4 TO N IFt FLR.RE. 3t 60 TO 1NR 17.. 
1IPTIG'-20.R oO o ToS

.1tP ..ID.TO.:LE.I.0E-. TO-El, RETURN
IRNAft.EO..AN.TSLE.I.E.O TE,. c FITTIOE*N2SEX'tPIt

IT DTOv 
RETURN

NPATTINI TO I 0.2755NtAL-O(3tEtI.65At

30 S. TO1S000TNFAC 
L.ETN;o-E~

1FTOL.I.OE-4t 00 TO 500 T'2&'ITEAO
E.-RCm s TOTTt.T.-Z0.Ot G0 TO IS
t01T11I.10ot TI.V..Fo.mDT F TD0-IE/DE.tASINNOEXPI(P2)T2.0

l~tPNT.O~.A0.O.E. GO~o 4000500 15 EINTG tE/DTETAStNNZNTEX P2t-ERFtPIt*PETAOUI.O)t82.O
IFtNPANT.EO.AND.OT..0.t G0 TO o0 RETURN
I FFLIENT 50.50.40 E.1D

FL .F0

GO TO 43 .0.SO.TATo

TFIDI-EPOT b0.40.30
40 TP TW " IAT t1LG- It

TCTN.PATt.TO
ARITEtl20tTLO1

200 FONOATtSO.I hEL..1.4 T. .N4

500 CONLTTIUE
CALL C00C1:2.LU.(NO.64.TNC.1 

0~CALL EOECI2.LR.DTI.A. ITDAC.IOECT0I1
CALL EOECI2.LU.DOSA.AO.ITEAC.IOSECT+~
CALL E4ECTZ.t.U.POD.64. ITNAC .IEC TR+CALL EXC4l2.LO.NSC.64. ITNAC. IOCTOOI -
CALL EOECt2.LU.Z.AN, IT#AC.1IOECTRS 5)
IT 00 -1.A
1 SEC* I EC DOJO S
TIO 3 10 1-1.323

311) CONTINUE
CALL EXEC12.LU.D~YNI.44,ITRACISECI

300 CONTINUE,
I.IUN I t.AImn

CALL EDECt2.LU.1(TJM.4,ITTAC.ISECT#32t
STO
END

CONNIINDNTL/ENN 132 I*DN I 32). SAt321. 8081321 NCI32I.Zt 3'
DATA ENXO/0.N.43.03O.2030..os.....I.

0.5 0.N02.0 ;08..0.?3.0.?30..3.0.e.. I.
:00.410.15l.0.15.0.1,.. 72.0.43..53.03/"O~

DADA DN/I...7..o...o. S.2S,..*j
NI:8.1 4;0.9;*4;0.,7,25..3..5 .5..82'

00.3.20,4.12.0.l0.0.47.O.15.3.I.lA' .. 15..!3 1;00.5.0.
b 10.0 .3.0.5.0.5. 0.70.1.42. 0.63.4.6.01

DAT ?DA/0.40,0.15".0.1238.D.123N.O.I!23o0 .. 13A
NO. 3I3A..9O0 .:.0:275;0.1AN1f.~90IJO 192.
.OO..0.183.01238.:0.00.0. 1238..O..0OOAO4560o.373.
CO. 4380.06

DAADS/.3544,.0303.0.0172,0.0172.0:01 72.0.0.0.0&92.
0.o NA2O.o 0.0..0. 0..AO..0.0 0029. 3..4

10.042.0.037.0.01o72.0.0.0.01 72..0.0,0.0.0.0. 338.0. 274.

CO. 320Y.0.06 0' 3 ; :33 0:2;21DATA NU/O.003.O.431;03435.:03 
00:.1430O..O

0
25

00.41.0.382.0.343,.0.0.0.3435.0.0.0.0.0.0.0. Al2,.. Al.-
CO. A13.0. 00

DATA E*OR/I .Itt'/EFrCOTOI.NE-7,

Do 1 00 1.1.200
CUTOEN I
TCOINEINtTOICUD oPI
I IFUT.L[.IFCUVl GO TO 110

200 CONTINUE
fIftTI.900T

.8. I N"AIT IPINNICDONT $ OF DOTTINS' I

OS. .
S1110.0

* TIEb
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Appendix C: Listing of CYLVIA

'VIA'. I...., WHC

IIF, "1L I. "IRA I IL G E IIIAI ,

TH LI VN 111 1LINIA ILIFLI, AILLI A :IAIFRA. . ............................................ I TI
IINlT. NA N I FF "1 I L 11 --I - ,V.' I I1E ALE 1

C ~ ~ ~ ~ ~ IIF HR ll ,IAEA I .IS [ IVIIVI 1111. ICIE. 41 ALVLI

* 1 ACE 'ElI I . IE FtI.11 151 l'IVll~ LIFU F VI ILI
IRE 1 INV A lIE .1. SOAIA L V II I.4 1. I ,LILF I,. . . . . . . .
W E LMI., S ARE CIRALIT I , AIRTI 'A

IAL1111A, INL.FII. I *';A.IIIVFS
I A A .IIF AZF111111 A I tFV I lE IN L LII ?II F. AV - ;t1 N ?I I' 1'' '

I A S.JIVT-CIR ATS NE A VES IA 1, I 1" 1 A1 IF, ILI1N.

S ALILIT1. I' FAAIFI AltC NTJII 0 IIAII NIL IL ; III ,IV' EIEI I L IN 

FDSLRIPTTAN OFE TAR VARIABILES I1.1 LSLLIA.I.1I1I .LL~.'AI

C A(ARCI TOLERANCE FVR FRIECTIAF -AC1III A1L'1'.1A.I IA. 'IAL.NAINF I..NVL.EOVNILSF.NVL

C& SCAI EMITTED IICCSCATTER OARENT &IAll ,RI IIIN 11VNLI1 1.[VN SR VI.1R .IRI.VR1' 111
L ESCAI.;BSLA12DSCALI 101111IRNIS AD VIAIKI11- ["1. 1ON1 'LANA.'I.'., IV''VI L.LSL'F 4.11VT

C EFEC ECtRON CODRENT Al ARI:D lL',N 1'V .IF 145-1A'

ClAN... l ... AREY . A1lIVID .1 1 HIEA I TEM2DNI.ET.ERI.V1PI2,
LCI' O9 DAOVOEICTRIA COEDF FDIR AIWV- -A-I [Al .CSr,, IDNH-,L LIIOF II:LI. V1411'.AO1NA1lCR.VIV.I

I I EVAT0 PNATOELECTROA COFENT IF ILLIA.ILIL 1L.RSCA.SECIND(I16L.IFANRLIIAL.
I C SPCI ENTTIED SECONDARY EL ECTRON CU-RRDT A .1 L RSSDTNI. IANINFIIVLI
c C SEC [OVAL SELAN.DARI EFER ALRFENI At ,II L 11;I 1LAIV.VC IVSCIIVI.CSEC1IIL.CDDOOAIA

C IFSEICI 1111 CAR_"ENI EAR A AF..EN SECIIIR HCOATIL L..SLAILID61CRSCAlIIR. SICt'RNLV1L.G ECPRIlIG11I.
ILEEE.ELNAN COET _ICIS LID IECONIDARY '"SILR1D1.I ,LINIL

*C FELT SIEP IN ORBIIT IN ItGAADION [EAR. 1.~1,11 A.NA.,.A.FVFAN..D.ONEGA.ALDAA.SA.JD'.IS.ECS,
* C FF111 POTENDIAL INCRENENT SIEILV.FVI2IIRORTT1NITTA.ER.ETA2.JLESS.

C FENEI EFEFTROIN ROARfft ENST 111FD CURIC NE DIR lI_',ARRIACTN.AI.CSEELCSECRI.CICI

I. COROESFONDIINA VA A LOWA RNRG NATAEFLIA VELLCII LSRIVLN C
DENE-CL ELL ON NUMBRE DENSITY CORRESPONDING TO A AIIMH INENVI CV MNRAN'LFS I-LRLFIIAI.EORPIG

C ESI.EI2IO fNER0 DENSITIES L INNDIL41AIIA?11* AR.A.INANS.,IONNA.INANY. IMAMS,

S FLTA RI SACNG INM X COORDINATE I IATIRNLIN N.AN2;IMAMI3.11HAMI4,IFA-I.IAA.6
C VELTAT 41110 SPACIN G InV COORDINATE S IANE 2.INANIN.NARIY. IAM2A

1IADA.POtENIIAL FERIVATIVE IN IK DIRECTION C NAR41 CREFIT
ILAET..I'TENIAL DERIVATIVE I. T DIRECVIT ABNBNO BIBINBIONNN BRITR ETBRBRRRBBARRNII

C EV. OVA URN'ER VONEEGETAC VELOCITIES
I- R.O-T ORDER NONORNERGETIC ARIGATIS CONNOAELRAIRYYPE.TENFI.DEN.RATE.NVN.NTOVR.AERO.R.TZERG.VNIN.

C GANMA TEMPERATURE RATIOGGVN SPECIES TEVYPIREF TEMPI I vND
C IDIL F LAG F OR PINE STRUCTGRE ISECTOR S) INESO M AAA.A?

C IEALTFFA FAAINCLUDING OR EACLUDING IANS.ELECTRGNS.PNIGIORS.ETC DG: SO A1.1L.NRI11NN3LL.AYNLIGSSI
C IGEN IS PLAG POD GEONETRY OP SPACECRAFT RINl ENS IA ONAIL3TANLI.NSLINA1I

r I4GE ON. TOE CRAFT IS AN INMFINTE CDLINDER DATA ARE.N'.1T.C GAEO.2 VTAL CRAFT IS A PROLAT E SENERO ID [LAA NN.AE1O.-FIt.S
C ILEA FACTOR OF DIVISION OF AFLOCITA LEVELS DATA NAMES'IO.N. 2k1C
C IFPOTS IS A FLAG ASE D IN S/ P GENGO DATA NANE42SAEA.SOO.12A
C IPODI S=A A GUEGS FIELD I S CONFATED VSING LOCAL CURRENT BALANCE DATAN'ARIS.2G. .E5 S
C IPI. PO0IS SON EDAtION SOLVED UISING UFDATEOD DATA DATA PAOSF SV.R

C IOS2 R ESTART THEF PROGRAN AD TAN LAST ITERATION D'ATA ...YY,205. fN.2W
C ISTARLE IS5 FLAG INDICATING STAB ILITT FRON ONE ITERATION TO NEAT DA OAOII,2HE L.2AEC.20C I
C [ TER IS NUMBER OF MAJOR ITERATIONS DATANNI.'OR2C.N

C SA. CRRSONDS TO NO AXIAL SYNMETRY DAT ASZNDS. INCA.O
C ISDYY.2 THE FIRST GR iD POINTy NARES AN ANGLE EOAAL TO ANGO AITO DATAIA , H0 AR12I. "PR.SNN
C TAR SADSOL AR POINT tVoLIILI
C JLACAL DEF INES SURFACE MATERIAL L U .I
C IRooTPFLAG INDICAT ING C ONAERGENCE AD A GIVEN GRID POINT LANSS.
C NINITIAL. STE P IN ORBIT INTEGMATL LVIt .C FANI LOGICAL UNIT IIDATRA ZI AN

C ~ ~ ~ 1 LA4LGCA NTADETAILS FOR CORRERT TAR TOI ECN..ARIES) LGRU
C CONS LOGICAL UOIT SIBATIRI LGUR9;1
C LANAS LOGICAL ARID 6ICOT-OFF NOUNDARIES -ACCEPTANCE AN-GLES LIOIA1
C FOR PRINARY PAR TIC LES C BRANCW R INTRCTAN PA SEENT ND
C LAN? LOGICAL ARID ?INISCELLENOOUE IFIII.EOII1 GO 10 I10
C LANA LOGICAL UNID NIPOTOATI I F IINAN:.NII GO Do 11002
C LAUNDT LOGICAL ARID IIDATPGTI IF:IINARIEA.I GO DO 11003

LOE OICAL UNIT IVIPOTINI IFIINANEGI GO TO.A
C N FNNONBE PARONG IN I DIRECTION IRADIALI IP(IIARS.EG.II GO TO 91005
C NPOINTNNABNER GF ANRNOANS IN 4 DIRECTIN IVANGLE) IF"I INANA6.EO0.1) Go T0 11006
C RANG TAR AELOCITY SPACE IS DIVIBED INTO ZIONAR NEVL IFIINAN?.EO.II GO TO 11007
C FOR ANGLEGILISED FOR SECORON AR RIVING PARTICLES) IFIINANI.E.I Go TO RO13

C LEVEL NARBER OP AELOCITY LEVELS. *NTINEBNSANP F : .I4.E.I GO TO 1014
C NIR ES FACTOB OP NULTIPL ICATION OF NUMBER OP VELOCITY LEVELS I IF IIRANIS.EG1.1) Go TN REI1N
C NSANP.N FBBE OF VELOCITY LEVELS AT OUR DISPOSAL. I FI INABIA.EG.II GO TO 9016
C NNECNIBB OP SECTORS L ONIO

C RERNECNAERO GRID POINTS PER SECTOR RIM1.1415126R0
C PNCBSURFACE POTENTIAL FOR A GVEN SECTOR RPI2-2.ADGBRPI
C PRINDPOTENDIAL OR OMTER BOUIND (USUALLY ZERO) RI "A .RP12ODV
C PRI;.PODEN"ITALIGE SPACECRAFT SURFACE AT GRID PO1ID GNTPTDO rTRPET

'C NA.G0IITV2IS0V2IT41I. SEE SUBROATINE GENRAT SAD.U.DO/SODPI
C NAD.NADIAS OP SPACECRAFD ACACTI1.O
C SOMODLN(OUTER BOUANDARY RADIAS/SPACECRAFT RARIUS)
C SEC iNrC CONTAINS INDECES OF GRID POINTS PEN SECTOR EAOM1.O

C SECPRI:EMNITED SECODARY CURRENT DOE To PROTONS FOINRO
C SECPR .ODAL SECONDARY CLIRRENTDUR~E TO PROTONS 1FC5.0
C SONANG IS ANIGL.E GF SON RELATIVE TO HORIZONTAL 11IS410 50.V
C TENPB.BSCATTER ELECTRON TENPENATIIR IN EU TLEV.I
C DERMPEI.,PRY ELECRO TENPERA TOR IN EU ITREACIEL

C EPZPIAYEERON TENPERATARE IN EU CORRESPONDING
C ToM NIGEt ENERGY POPRULATION CNABRRNNSRIRBRNBBRRRRBNNRNNBNIRNNR...BsoB..NBNNBRRRN...
C TENPII.IOY DENPERADURE IN EU C
C. TENPI2RIOR tERP"ERADIR 'IN RA PD FR RIG ENERGY SPECIES C
C TEMP-. PHOTIELECTRON DEMIP IN EA C
C tTRPR.REPEEE DEMPERATURE TAREN AS I000EV C
C TYP.EODA E LICTRON TENP E. PA C PEAR IN DA TA AND ORGARIZE ESCIORS

C TENPSP-TFBPERATARE OP SECONDARD ELECTRONS PRODUCED BR COIL EEI.AIE
T' ROTONR IMYPACTS looE mRAN

C 45.45 RADIAL DSTANCE IDIRRRIZ
C ,SIORBACE ARGLEID1EFIRED 1 IENGRDI C
C INFORTANT CONSTNTS REFINED FESEANTERE C
C . . . . . - - - - - - - -. POINT
CACCN is TOEAE O ACCEPRANCE ARGLEIDRIREED IN S/P GENORBI C INITIAL liERANIS

C rm REARS s REINS rIT . SEEP SIZE FOR oARRs ~s/p UCHaOD AND f'ROLATI HO I 1NEIA

C TE is OEAA: ERR ORBI INTEGRATON (DEFINEDIN S. 111 IT1 IRGGTIJI.0
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C --- --- A-- -- (7144010.110.
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C, DFIAD CNDI yt11-0,
C TEEC COTERTI-.

c "IPRN CsEPTrrijI.
C ' IO PNIIIT1.RA

rR- IR'O". . ..1..A9,.4.,
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4399CON IT E R'III IA i'ROIMATE IOTS FR.R 3 URET

I00 I042D 1.EI. 0SEC~I 030'.2

C C ALLUT CRETC OLETN NF.NLRSCOS N OJCIV UNTO IFI oT

C IOMUE CREN OLE3 DETOPRMAR CATCE TIf A VC IA TA RT SFO AR CURTRTSt E..) OT .6
430 AI RAD SEC TO MRN PSECT SECT ELEC CU A C .

C CO;PUTE CMUTAR CETIONI F G O A SECTR ACONECI F FNC DTIN L TI ~.E.iG O'5

C 00 020J..TC
C .0 JST f lt TOU,. iP s Q ( . S A T -S ~ ,V ' J
C s COIT CURN OLCINDET RNR ATCE CSAEii.JSTAT3T- 4CGAEIJSTAT.COO GO O ;N

C Ah ECONRT C5050I PAT C.S100 CosTf190

C ~ ~ ~ ~ ~ ~ ~ 1q FTAG CORPT.IIN IF FLG PROXMAT ANROOTSCERN FN ETI

C 2 0 S T R O O N ARE ROCE T N O N T OIN 25
LOECIN11 C

N200 CISOWSD IDAEi ITNTIA IiREME JTBTYRPAOT 5TRT4

I "iISTL:.i.E.3 GTO T420 C Y

FRTERECI DOi 2 00 CONTINUE

N2LR ARXYMTR.AECMPTTOSIREICUN9029iTSCRI.SUi.SA~.SUi.SATI

C20 O 1iN4 NI- 700 CONTINuE

JSICIMN3J C - C
CvS.I1I~cES1.TW~jIIC MODIF P00TENTIAL OFNSCRNS D

ItiIWEOo G000 TOR(NJI 721 40 NTINCIT
IFiJL.TO GO TOA1 CRSE ELO TOZO

C IF THR7SA45TER.AECTPOAIN t 10 I.I.NSECR

CALL iiCION'N'iIi1 0300 CONTINUE
90E13 iCLEi , 3M GO TO 4499

CSECL. iS iNJ~ C

GO S0-ET TO TO2020 C
C 0005 W.SC

4230UT CUN CNTINUEDE OSCODR ARVNGPRICE I~ITi ATN GOIDTOO0450

920 ISN3R C *II:ES ,1 10 O40

422IFiNJ.LTIS.N E. 0 0 TO 42 0

0L LORE C

C Cc

*0Jf(J-fI 449 T 21LL.

4250 I I5S1503 3FiIDTL3TOi.EO0O450O TON0I00
I 'IRTiS.E 00 TO 42501 F.0PS0 C

.PROTJ -PO IF +T 450 CONT INUTE

(P0 IREOO 00 TO44 0 ONIU

C IC TEWERE INOR NTFITLEAR CO3PGTTIO
CPO42 iTPOT36F~ 50 CONTINUE CH kIIEOFARY

C COUTE SECDARY 3 C ... S14 ~mf.O TU
CALLATTJWCSCNiN-J01 C

0 00 TO4252 C

IFiITA0LT-ii.EO.3i CALL EOEC(A.N4TTE4i C RCMUEC*Er
094 34,. C 0 OA.

IlF,F4L ii.EO.Ii CACL EOEICiR.NAT1 C. ROOTPT CiR'

9035 INA..I1.0 C
IF- IFAUL iI*.A.3 CALL E3ECiS.NATTIAT

4.15 IFN.LT.52i GO TO 42531 IFI JOT.C.R.R ARTFT (LUN9.03
L-KK403?0 Fo* ATT 20.COOSE CONVERGENCE,. N IM DOER ACTTLD.DO 00131 TOLLOTIRO

(P3 IS.LT.NSTECTi 00 TO 4250 IFOR ALL JARTICLES 3
C 40 400 IINSECT

COTT TOTAL CURRENT AND SAVE TOTAL ELECTRON CURRENT FOR SECTOR 403 CONTINUE

ARITEiLU-4.A101 RTEiUR.11
4303 'FORMA T//' J POTENTIAL TOTOAP IONCUP ELECCOR ARITE ILNNI.IJO1i

I 'TTCUPR E53PTOTCUR SE, ODO I sSION DR. . ST F, Sc.CTU -f301 FORMAT1 43TT. FINAL CONVERGENCE NAN DEER REACTEDI

2 IiftC.T ELf iND 1N. ElEC ITJI.i:
W1RITEIORR'103' TEXF r
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A1RL I..t.~~l n (I Itt P.l S CDnAL V'iOI. I O

L~I.. I IIt I NI Ivt I Atn (In IO I.nnt" L&Lil~ .MEni~nn ni iU I 'MN101,N0.nOO' -iP.iAJ.~~
"00. iU.N" 1I.~~. 1 ~ Ii~iC uiEIE "A'ou i'&JLE R IL,

Cox -1j'nOaiU0oo ii'- Ii.tT ntn la
1.14I"i'EitittOULo.ioLi' 11-t I iLOt ~AtntiEiTSC AEi Il U -1001 10

Il~~~iTAt n..T't IiY O '~l 'oL. o

GEDIU 5..'O0 ILLIIL 1i1 ~ h

C 'Si. iP SURFACE CPiitUTi~iPE ECO

1 Till -E172~o~
INTGE tOASASEIO.FI-ANN TI. 105 bU ODUTTT f EYR

il A D I n A A nD S RF C I'S M- R iI . ss n I.1 T 1A S4t tl t SI TEj ~ tC nV .0 . jiL S IG TOai, 11nS C

IDILE~~~C5( UP- T UOAM tVH'ROO'DA-iS ' lCNQ

ItILEL2ti'LN4 NO EA.4 :4.I-4L Oi3C.IR i 114. NtAPItLUtI.UOI(DELPA(JI.ENAIIJICPO~J

-',AitL1,iVl.JO4LIDOL'.in44. IiiIOA.~ . DE ADELIE: RETUR

]t 1i4L.T OCS '( i I " IN C

lITTPE64-niLNO.L4i.PtSt n'.tun.DII4.~iO L4. C ii*CTS 9ROn.SC

i444,.~niiD.To, nTGER I.J,..LlTlttWi44
t~L''i4'4EiC i4'CLI CStCItIA4I.CFnOTO~I44 C IF- ... M UST BE DIME ISi 1 E TO MAT WNDER Of POINTS litA SECTOR

COrIIIilCD AO'.C.C4.4C"tiOLSCPii4t C- DAAPNEFSSCORD OS ON A NW. tINE. FiRST MUMtINES MRER
2pnI...CGsto' C OF FOISTS IN SECTOR FOLLOWED S, 1ioDICE S OF THESE POINT
iEA5E.JOiTL.DPHiI!4R.1 A~D~OOEAAPASPi.C. C Data FCRAT is 1615
i'EA2ZOI.AEFroil 20~FRRTT£.ERiPT£STA2.LESSI C I44IS SiP iS CONCEDlo9 STHDE GEOMETRICAL 0ROANZATIOM OF THE

St. C~nl~.C'l~iC5CELCSC~.C.C.Ci.~iC DiFFERENT SECTORS. A COANDUCT ItO SECTOR MATDCONTRAIN SEVERAL PANELS
C.AWIT A MAXIMUMl Of 4 PANELS PERT SECTOR. a PACNi.SASEISO

C.Nu..s nnn~tn~ntttttntnt.Snstt~ntttttnnntttnnntttttt~enn~ntn C ADjiACEAT CONDUCTING GRID sPOITSSEAE ONEPA4 L Pitt ESCTOR
C FUDAOSE C FOR NSsL A TORS.
c En THIS Ofl, :Sf rOFur THET MCCEnOAEF PARAMETERS F0R A CASE STUDl' C ENANEC I0nna PNL E SCETFS~.

C A.ESE ESUYC PERPAR IS SUNDE OfGI POInTS PER oPANL

TESPI iTO IERRUECPiin ISt GI~l PONS INDIES TE CLOCEDISE PER PANEL. THIS
C TlnPI LIONTE.WNATRE C NAES THE TUXIRICAL INTESRAT1ON OP TNE CURRENT EASIER.

G EN.li ION. GENST VALUES ARE STRDA OLSIGRID POINTS OF TOE FIRST PANE L

DmN12 :ION DESSITT C (FIRST SECTORP")" ASFLOI ET I 3.32.1 .........i

C TEMPEL :ELECTRO EPRT C .TiNGRI:oD.ITS OlfNTESECOND PANEL(IR:T.SECTOi TC

C T CPE ECTON TERPRATURE C IDGOOAG.tNSNGN t .S me*DSN tttDs*tttR$ttSS0t*4 ttNGN $G tsttttOR G

C DEi :ECTRUN DENSITY C

C DEE :ELErCTRON DENISITT INTEGER PERSEC.SECIND,PERPAN.PANIND

C SUNAYG :SUN DIRECTION WIT" NESIECT TO ORDGIOf ANGLES COYW406N PSAUI4.ii.CSA 1ii4,.ili.SECTS(IO4)hCSCTRt(I04).
C AnOUNDtANGLE DETNEEN FIRST ORI PIT ND CMRIiS OF ANAGLES. iDELEEI2D0.EL" [RAi.N 4iA .TIA(20iPscATI'144l,.

£ C SDUDOUTER ROUNDARY 2S1SCAT2i1 iOi.SCATS( iO4i.#HO(20404.

C DI INREHEN.T IS POTENTIAIL IN EU IAn.i4,CPNON(i4i.SLiA .ANWOM~DL(2O.4Oi.DOUNDI(20.4C).
C IPOIS :FLAG FORt PoisSNOLE 2ANL2.O.Vi2.iIC CiU.GRNIiJIDOIO.

C ISYRM :FLAG ASCOT STSIETTSIEiILTfIiO.JOCAL:I4i.,ICOAiiO44£
C GEN IFLAG ASCOTA UONETR IOVi2Oi.EVi4E.TINS1.1LEV .TININ20T.TINAS(12Di,UINU'iZO£.

C AG£ T NGLRS~IPILIN FOR SECONDARY PARTICILS 2A 144).D(144 I.CiO4. i4. IOYT ..IAA(.DiiO
Cc NTIISi: 'FOR MULTIPLICATION OF VELOCITY LEVELS IEW(iG44i.TSOCO;CiZOO). s

C APOINTI NUMOD OF GRID POINTS IN ANGULAR DECINIIFLG.SPOINT.N.IGEO.ISttIPOIS.NSECT,nPRO.RPEO.IItI.
C SECT INUNDER OP SECTORS 2 ANa.ODS.4Doo 0 T D .... O. 4 iIO414.DELTAU,DELTAT.

C SUAOANGLE SETNEEN SUN GINECTION AND ORGIN IYS166 NISIAA.1 SS71 7
C ANIGG IANGL E BETWEEN FIRST GRID POINT AND ORIOIN 1iOARIN.E 14 . T. DEL T.SROOD DIYOT.H.jI.RPT.59T2fRPIEOAFIDQTPI,
C SIONOiLCO OF RADIUS 2SAT.TEi~EI.TENlPE2.DENiDEWE2.DEMII.DCNI2.TEPI.ET2
C TPNI i INITIAL POTENTIAL INCREAENTiOSED FOR CONVERGENCE) ,yeERPR.LUN3LUO.NLU UNA.4 7LON.,LJNR.LUNIO.,

IITiA 44 JOILI 44iPERtSECI LAO I.SEC INDI 140). IPANELI £44,

CRNDRSDNDttGDNNONNDttSSSSO~t~nSSNNNNNOSDDNASNRRNNa 2PERPAN(144.4).PANINDIIOA4
CALDAEYFNE ICIONii4i.CELEC(iOAI C SE C4IINO.CSEC1414T.CPOT~4£

RNiUSPR ASE 2CHTI4iYAI.CSCATIIOO£.CRSCAlIII4Y.SIECPAN£G41.SECPRIII4
9FORAT (13) SPHI(!44hCGUWJII4i.
WRITE (LiNRR.RROY RAK IAEIASE.tONA. L.PINN.APDiO.t(.LPA..PISE.

99 PRSTIAO.IISAOi3tt OTl..,AIO/4OX.25(t6-/////i 2E4PUI iGYEFD I2)IRG.ENNTTA.EA .ST2JLESS.

C 3L2.CRR.CPN". I .CSECE .CSECEI .CS.CD.CSi .CDI

C c
RENDiLiUS5n50O0Y TEttPI I.TEAPI2.DENII.DERI2. TENPEI.*TERPE2.SENEI.* CtStGnSNSN~tSGNSSSSGGSSNNSS~t~tNNNtGNSS

I DENE2 C
s000 FOR iTiAEIG.II .

DRITEiLUIPP.9O1 D4ENEL .SEE2.TEMtPE.TERPE2.REII.5EN12.TEiWII.TERPI DO lOG 11 .NSECT

90 ORNAT lIN.G DEN~iF DENE2 TENPKt TENIPE2 GENIi DRTELU 40)OI.(k,(TlMP4J).JnI8, a

£ DNR2 TERPII TEMP2$/%t(iX.IPfIG.3)//£ 40 GMANII.ET ORNRE N.2aft J VALUES ARE 10.O2i3Y
C20 PORNMATlEIT IO"IY

C PERSEI ~
READiLUN.S00I UAOAG.SON.PInPI. 5H SO)AG Do 90 I'i .E

0' 4' 1CNTA.72Ii 
90 CONTInUE

(RITE ILUN9.G2i Mt.PI.T.NSECT.IjPOIjS.TIHMES.NAWiGISTR . IGEOMN.JSN LnL4E

902 FORttA .O N NPIN NSECT IPOI IIDE Nof P IST I SCt.OL lG CNIU
I l, I, S" IISM"0"tto IFIL.NR, nPOIINT1UO TO 9
WITE ILWI IIOI SiitMiG.ANO.SDOUND.DPNI

903 ERAiiON SUNAN ANTC SROUND OPiISt4iln,iPEiG.3I1/ C
it ~DO ADIio RON

C IFICID 1 I 91 LE Ill N 9
C iFIC n I IiIttilGGTO .&

C SEAS IN PLAGS FOR OPTiONSI A0 CON"iNUE

C IEAtATili:1i ELEC CUREIS CO(IMUTED L.1
C T1A1 'W" i EN ERGINYG SECONDAY CUR CO 7O J-i MnPOItT

C FPAUL1T:1Y1 EHEROING SoAlT CUR IS CIF,%tc PISSM, Ii.O.SCIND'iliGOO ?a

C i At. T(S:i-i.EN PNOTO cuR COMPUTED TO CONTINUIE

C IPAiIt II.EECIVING PNOTO F[(C CUR SO CON TINUE

C iTU~iP~.RtC SEC CUR cowfUTEDC
L $'At TiRIi IRC SC CUR CONPSTED C
C IPAIO Tqi9£.tfMRS El ft IINFICP NT PROTONS
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READ, LONS.,TT PANINEISAAI .. T.T J .1 II -NPTNIOIT

001 FOI 01.SE O R..00 R IDLI. 12. 050OF555. 11.

. *, FNmA ,F GRID.S PONS FHRE WAE.ANT TI FINONTINTTE01641

REDTIN5.OTPIITJT...PIT

O FoAIIAT'IISECTGNORFo S IE WE WE ART A FINE TRCITEIIIAT C FIITOIIIDI

C :T R 
C 1 (150 101W IN IE0F1N O -0 . 5 I ' .NLIA I D

00 FORRATST'IOI.OAIN PECONT W$REW jWSAFIE STOTOE.TGIT

ARISETLUJIFT351L.OPOINT ITO .11I 11l~l

.. ..R.AtTI* NURSER OP INDICES '.31IS NOT EQUAL I~FRSC,
ITT) NUSER OF FOINI1S *.13T)2.0

STOP 'IFARIATOT2500

AATTURO.31 TI...SECINT.TIITSTN.1-T.l -

31 FORATO IND[E*I.3.NT * INOROTII3.NT -0.13T TT0TNIIOI-
INIDISNJI3 T..3

c ,1I , I3
STOP 6.0 TO 250

97 IRIITE:LO09.30T 2500 11.1150

C OM-INE-3 IITNRT-2T.PANI.0TA.11IIS'
SIS1LESSOUN" UNITY*) I

C SLTOPP
C ti5 CIUE(I)PMN(JI.-

SSTOP C 21CNIU

END 
CRESETDAANRAT

SITDA.AITIRE FINGRO 00 260 J~. INT

C PLOTPOSEI

Cto RESET ALL ARRATS FOR A FINE DETAIL SORUCTURE OF SURFACEC
C IN ORER TO RESPECT SEOINETRO.1 NTEK VaLFS ARE D1VIDED SYTHRNEE. C FIND REID NUMBER OF POINTS rINRSEC PER REID SECTOR

C c I F AN OL D SECTOR IS INSOLATOS.1T ISBROKEN 1NT0 3 NEW RECTORS

IRTEGIER PERSECSIEC1NDPERPAI.PAMIND c

.CORDON PSAOETI44ISCSAVE'4.105.PSECSRSI44S.CSECTRSIO0S, 
t.0

IDLEEI C ELRANT. 14 .ENAO 144I.ETAT2oS.DSCATISI44I. IT"0
2BSEC ,2 11045.5CN03(44).PNOT2O,40. Do 120 0-I.IOLD

IAR0540.5.CNO"XNI 1 440.SONAANIGO.BOUNDtL2O401,DOUND1S20,401, RISEC IT)

31F" 014.JFOAL142040.,ICONT 1441. 
IF SICONS1S.EO.IS IT .....05153

":IOSEOID.REV.NIMESILEV TIIR20S.TIIIAO2OI.VINURI2OS. IF (ICONRSIS.EO.IS GO TO 120

24141.1 04.C 14.504).D 14 ...YT 1441 .DWTI44T. 11-110*3
JEWS lOOT TWOC~OSS700T IDORRTTII-21 -2

I I IFOCIRT..OE.sVR.!POIS.NSCT.NPEDOD.NPEROD.IDINY. 
IF(SN0I.WE.OS ID1011Y111 -2

2= 10VA. IOSO45.DOS7.OTYI51445.OELTAO.DELTAY, I0SOUTl1l11-1)-K

3IAW 4)1.4566)_557T IDIRYI f

IOAALEI4S.T.DELT.SBOUND.NDIR.POT.N.SI.RPI.RPI2.RPINOFOTPK. IF TISTII.NE.AS ID000)IIIT.

2049., TESIE * EP21NI.EE.CO 0R2 591 EF2 20 C ONTI INE
3TIENPR.L 3,JLUN4.LU"S.LUA.LN 7 LAIID.NLNO C

110T051445..JRTLIOO4.PERSECSI4.SECINDSI445.IPAEO 
4S.NETT

2PERPAN441.AIDT0T 
C:ID14)I E(4) ET1

1C10R54).ELCTI4.CSECS lS.,CSEII4 .COTO5 11441, C

2CNOTIIICSSCATSI40S.CBSCAISION.SECPRNIIOO.SECPSIII44). 
C NOW SEORO4#IIZE ARRAYN

3PNITIIOAI.CGUMN 4144) DO 130 I"I.NSECT

IRNSE.JONL.DlPNI,.NNO.AD.PBOAN DOOEOA.AALPNA.OjP. IS.ECS. 130 PERfSECIS.ISJ TI ,IS

2EOPI2 t20) '.EFTOI (,20' *S EROR' TETNIN.TEORAO.DETAI .DETA2.JLESS, C

3L2.CAASIN.CPH.X1.COECEL.CSECEI.CS.CB.CsI.CDI C

EOIVALENCE SIDOOTSIS.IONNIYSISS C

C 
C ST!IDFLAGS IOTL FOR SECTORS

C C 1ST .M

CNINOAOSNISOIORNIRIIININNNIARNRRIANBIDNSRNONRDDRDRRININ DO 140 1-1-IOLD

C IF SCRI.O1 10
C FPTComIEOI IDUIIIFRIIII

IOLD-NSECT IFIICOIISIS.EaO..ARDTLL(III.O Do TO I50

OL D.OT IF SICONIIS.EO.O.ANDI'or ISOwl) GO TO 16O
N#ORT0SJOLO 0' 0 TO 140

SNOASUMA023.0 ISO M (1.11-

C FIND NEIW FLAGS OF COENTESPONBIDO GRID POINTS . IDISNIYIIII*0
CFISRT SANE OLD VALUES GO to 140

C I6A 11-11 3

DO 100 J.1.JOtD I DURENY (11-2)-l
IPIJDTLIJ.O0 GO TO 102 1DUI -1'III1

IOIMYJIIITSIJI )-1 1 IOCONTIPRIE

IDIJIIIIYJRII -1 c
00 TO 100 C

102 IOIJIIIYS JR-250O cHI ROW EROATIIZE ASSY

I DIIIIOJJ - DO, 170 1.SC

IDUII J 1-0 170 ILIBUNNY, I)

I.0 CONTINUE C

C C
C C SET SW REID NIJIIES OF GRID POINTS PER PANVEL

SC 11 0

CNON EEW RS 
DO 270 11I.IOLD

DO .110 J..NPOINT IP.*IPAwAELT SIT ....
11 OSTL)IOIJNITJI .F CoN) IS.O'a 111

C IFPIICNMOPE S IoLfTSI1)IP

C IPIICONI.OI 0T 5

C FIND REID INDICES OF CORRECSPONDIMQR SAID POINTS IDUIRII'l f IT -2-21.

11.0 IEIRT IlI I
DO 112 I..ODIIJll1.1

pt*ST.R.0 IDITII)I

R.PESSECS II" I I *IIIT I

NI L0 I0 DO25 L"0I
DO 1135j 1JR.", IDRIIIII-21

IPIONTIS. EO.O.jRD.ISVREO.25 00 To 1100

I I If 3 290 CONTIPIE

SO To 1II 270 CONTINUE

C C

ITSIR0 l- .13?C NoN RESET AP1571



PERPA '.1 1f~n [.l C Ol,. 11) 'k~ SI
.5CONSTINUE 1kC[001)EQ.'Rg' II[

1: ANlS DO lMIlSPlll 10 ASIIlk CONI)UCTORS.F TAO Mb OF #ANALS
-------- -- ----------------------

C CO~MwyITvoTy OFk NEW SiCTOAS IP;1I14onrti ,_ I,
it1.0 C fl F NO IlkL ('ilflr I AND0m ACCUMULATE FHA(TIOA VALVES
DI 0 OD C 01f0 Jinf I"~
IF lCO~l 0 I",I0 C

I FIICOMI1I..S Go TO 300 )'~FAII

STAOIS23 
C

IMdI - '02= C N0W ACCI.UMArI [DATA

"'MJno"it 1.0 -0)
.100 COATIMU[ 1-0 I J-)THI.JkAO

C 150W REOEUAASZE ARRAYS I~iriik.10)'~I)TTi3I

'3 CONTINUE C
CC N0O CAil TATERPOLAriUN RouTiAF

L. C IF J*~JP.A SATERPOI) I N00 EEDED FOF THAI PANEL
C .F IJ O.JPi GO 10 a

C MWRESET SURFACE PROPERTIES 00 7 JI.JSTART.JED

C FIRST SAVE OS.j VALUES IF) JOILi) .C0.Oi IlMSYJlSPIOEAIJJ. DEL TAYS (I I-Si, X. YTh.C.Sl

450 CONTINUE OCLa JSTAA.JADi1
C2 C ONATIAE

D0 460 J.S .40kG 5o 0 ID000
JLOCALiJR3-21.SDJMTJI C
JSOCA iJ3-Sl. , MNYJI C
JLOCA 1J4 I'ID0,~(yJ) C INTERPOLAT IO FOR [AGStATORS

440 CONSTTINUE C - - - - - - - - - - - - - - - -
C t0 COATIKMI
C C SO 1SATERPOSATION Of EXTNAPOLATSOR SE TSEEW KNOW SECTORS.

C C O~kING INTO ACCOUNT THE SURFACE PROPERTIES Of SECTORS
CFIA[S NEW SURFACE PROPERTIES C
C IFIT 1l.E. JSTRT-JSTARTUPERtSECi3I

DO0 470 4'S.APOSAT IF1IIOL3.Ot 00 O 3000

REWIAD1 tHAI C
'.0 EAILUNJ.5001 JFIRST C SEE IF SE CARl GO AM ITERPOLATION

500 FORA ... 32)I JSTART
SFLLOCALJUAEJFRSI 00 TO 400 1
NEAOICUM3.301, I FLMAXiJ).EMAXi.J).CPHOMXiJi 

I5 . .SS..
303 ORMTI(3I.4310.3) IFI.. L.Oi .TO2

RELUA3.301l RSCAT1i1i,.SCAT2IJi.RSCAT i1i JS'J3-PERSECiII3
READ' lIUNI.30,i GEI.P141.EOMPiJI S(1OT11~.1111,10 0 O 11

470 CONTISU M %2.I
.1'JS TART

9.0RITEILAM9.9001 32 "7,.1. ) o1.t
900 * FRAT 4//t00.STNE FINAL DETAIL STRUCTURE IS MOO SET UPNIOO.H0 IFI.UT.M[SECTI0 OJ

CI SF'IIOTLiI2i.EGO 00 TO 52
C HASTE MEW HU.E C
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CUNNAI.O.
DATA kL/Ol 

CANI.O.
UAMIA .A 101 IFIIFAULT(71.EU.O)OO TO 4000

NRIN01 CPM.o .
DERLANO.,NRPI/FLOATiNARG-1 DO 350 L1.I.I
LI2SIN- IF' RHO I .L V. NE. O..R.H .O.00

L2LI1I CPO*2.OSCSECI(JTSTPI
COENE RATE COEFFICIENTS PHGI.L) ANT ANUIL) FOR USE IN CRCLCRATING 350 CO NIE

E C ONDANTl CURRENT DUE TO ISECONARYN ARRIVING Fb RO)THNR ARITE TLUNA.AOOO)J
C PORTIONS OF TIE SPACECRAFT 6000 F ORMAT (/IO.SNPLINU IN VELOCITY SPACE FOR SECONDARIES 1.21 4R

I.,~f I 1 13/)
DO 30 I-I..E UNT E (LUNA.UOOT ((PTOILTI-I.NLEOTLIl.LI)
No 190 1 L 600 FORMAT (N)IR.IPF9.21)IPTEL.EO."L CHIECAI.Llfl 359 CONTINU
IFTEL EN. II ICHECRI I.E INS CALL FIT (L2,CARRIO.CURNIN.CURNAU.J.CPO.PNI .N.ONNIA
PNOI1, I.T00o 4000 CONT INUE
If(IONLE.T o 0G TO IfI JAR CSEC(J)-CUECTJ)-CAERIV
ANO I L TDELANGN8FLOATTL-I1) 400 CMYT NUo
SETAIO1IIIR2PIIIl.TI 

RETURNIF.ETA..LT .OU o 00G To ISO ENO
V SNLEIEI-SG SUBROUTINE SSCATRIN.NAHG.PTI COOCAT. 11CR. IOEOMTOME..SO.4.CSSCAI I
VANSLE(2T.AMG4L) INTE DER PERSEC.SECIND.PERARTPARIND
VAASLE(3)TT(S COMMON" PSAVE(144.IO).CSAVE(64it TPET(14.SC A(4,
COSA-COS( ANG(Ll TI KDLEE(201,DElMAUI441,EMAOI1 U.FT(2.N sCATI1A44
DOETA.-CDSASEIUOXI41J)2.ORUIISS2OAMAOCOSA 205CT2114.RSCAT..0. 0104
IF( L.FO.IAN DETA.LT.O. 00GT100 IANG(401.CPHGMOIIUH).,SUNAII.ANUO-.UD2.O)IUI(.HT
IF (L.EO.LI.ANO.DffA.UT.O.1 00 TD IS0 2ANL2O.40).011T2.4O0.ICHEC2;O.4,.0I3.IOT114..

00.- - - -- - - - - - - - - - 3IFAUTIlVoA).CAI14 Z0R44U)
CALL OASRITISO.SETAI.JI 10121.OI).LEV;NTIM !LEV.TININT2O~lT.IAX2OINUN(0)
tF(VAANILE(1) 7(4.SOUMD-OELTAR))O TO 190 2A( AUI.IIAA.C 14)S14) W14 TA.) 4164.IA.

IF NSIIPIJ)-POTT/RATIOI3TI.LT.100. I 3EA11:441TNlOCOSI7O0). n
I l P IL)2.OCSECI(JIiSHP(T4POT-PHI(J)ORATIOIIII/ I IFLO.NPOINT.MIOEOM.ISTN.POI.NSECTNPRDIP O.IIT

2 SOT,, 24A.M. !N7.N.0D10A)Y,,41:MPLTO.ETAY. IM

IF (PIIO(I.I.E0.0.0T ICAECEII.L)fl 30(A "XO(ATUSZT
01 TO190 VARDETAT T.DLTSOUN.NNI.POTH.JlI:.RPI.RP2,RPIAF.OTPI.,

Lao PNI I.LT.2.ONCSECIIJIOSOTPI 25SAY.TEMPEI.TEMPE2.DENEI.DENE2.DENII .DEN2 .ENpII.TEISI2
190, CONTINUE STENPR.LUNJ.L UNALUSUNLNTUSLN9UIO
191 CONT INUE IIDTLI144T.JDTLIIHAI.L6L.PE 7IA.LUSCIN(1A41.IAEL(IL-T.

IORL 2PERAN IIM(I44).SECIND(1441

DO JO L1.LO ICIORIIH4T.CELEiC14A.4DCSECIIAHT.CSECI(IAAI.CPNOTOIIA44I
IFTPTIDII.L.E..G IOML-IOMLTI 2CPNOTIIIAAI.CSSCATIIHAT.CSCAIIIANI.SECPRNIE4HI.SCPIIA4.

30. C.,,TIRUE3 JHt(IAAI.COUN(IAI.
C IEANE.JOMENTI NANG.RAD.PSOURDOMEOA.ALPHA.SOJ9 IO.ES. aC XPV121201.EFTVIT2O)IERONt,TETNINTETNAN.SETAITT2.JLESS.

-o 197 101.1.1 NSL?.CARRIY.CPN.O1.CSECEL.CSECEI.CS.CB.CSI, CD C
Do Al9? I B.LEU C TNIS SURROUTINE CALCULATEIS THE &SCATTER CURRENT CSA
DOIINLIILI.-PNOI.LT) C CESCAT CONSISTS oF TNO PARTSICSSCAT.RAIN PICATTER CURRENT
SGIINDIII.LIARPGI.L) C LEAVING A LOCATIOR.AND CARNIR.SCATTER
HUl I.NI I C CURRENT ARRIVING AT A LOCATION FROM OTTER PORTIONS OF THE CRAFT

AR L.TNNNLT C PHI IN1 POTENTIAL ON SPACIECRAFT SURFACE
197 CONTIMWE C N IS NUNSER OF DRIB PO#.INTS ON SPACECRAFT SURFACE

c C NNO IS NURSER Of INTERVALS THAT HA-A4ILE 11,1121 GRID FOR
C C SSATTERS IlS DIVIDED INTO. MNG SHOULS SE ODD SO THAT THERE IS
C C N RID PIT FOR1 *912

IFIRL.EG.GT so 10 2100, C NLEF IS NURSER OF VELOCITY LEVELN USES

Do 200 I. I. MEVU C PNO IN ACTUAL C0101R4ONUT ION AT EACH POINT
D0 200 L-I.L.2 C AN" IS LOCATION OF EACH WRIN POINT. NOTE THAT ARIO AND RHO ARE

IF 1TICHECEI.LT.SIO.CERILI.OI DO TOy 20 C =VNRN MATRICES.

IF IPNOIIL.EDDADPOILI.OD GO TO 202 DATA FAC/I.00.NVIOD.RI/

GO TO 200 DATA EL 000

AAN NOIL1. a DEAG-5SRP I /FLOAT( NANG-I I
ANANNOIEH T 1I2AAN-

Go to 203 L 2-LI-I
202 LCUT-LHI NDIN-3

-00011.4L6I C "ERATE CUEFFICIENTS PIUII.LL ANN AN(LT IFUR USE IS CALCIATING

RASSANOI I C SACATERCURRENT RUE TO MNATTERS ARRIVING FROM OTTER
203 ANGWLEDOIRAANS C POIRTIONS of THE NPACEcaFT

20* A0LS.ANOLELO-I
VANS&LEZNS 

DO3000.NEVAR IL'",-AN DO 390 1.01.1.1

1.0.0 3-J IFTKLEOI IC CRItO

IaTSAI.:TG.O NOINLIILCRTT.2.DNCSEITqJ)flOTPI IFTIOIL.ED.0) 00 TO 190
IF(TfSTI.I.T.D0 00 To20 AMG cI.IRERANQfGNFOTTL-ST
CALL ORITIRD.SETAI.JI KEANIIISRNTIDII
IF I VANLEI.EISN.RTDI0 TO11 2A IFSTIL.0 00 10 IS0

ISOUNRL4I.LCAIN2.*ONIcITJIIRO~PIIoT-P ITJI(o oaI00TpI VARSLEI2IAAiEI
207 ANNANL VRE3Ij)

00 TO 205 cs.*

205 ARINOL.IAAORD IF IL.ROIAD.ST.T..TD TO IS
,;*,ASIAK6LEALT.ODAWG O IF L.ER.LI.ANS.SETA.AT..RT 00 TOIS

C1 IVLE AM).DT.150R1 TANof o To a190

20 ITTIU AS((PHI.41-PDIIAIOGI.I2

DO 210 s..L StartP
00 20 10.NLVI I TPMII.T.EOA.O ICTECRII.-I-



C12

o0 1304I.I Nut AASAIIOP ITDTLI4IgDt14.C SLc;I., SECII, 44SOlapstI (ISA4

oft 0 O,11.UtLEC(144).CSEC(144,.CS&L14144.C.0I5, 144.;DO 100 L .1t 12CFNOTI(l44I.LASLATI44).CsscAII44).SCPNCI V.SLL , £44'..
M tTHOI.L).E.0.0, IOMa.Iwnn + 39HI'144).COUAI4AI.

Co CIPJI(0.ONI(0. AO.III.IAA.DTI.10UJwS

DO III L-I.tI cots$$.$A .... RRIRRR ERANRRRNRRHAANAASINRNRRRRR...........R

£01IVYI1ALE CHISSIINOITIE ALCULAE T HE SECONDARY CURRENT sEcERN
AOUJHDL,L -k3.i.LF C SEdANO CONSISTS OF TWO PARTSISECPARAI SECONDARY CUxREAT

FUII.L'04I.LI C LEAVING A LOCAITOmA A ANIV.SECOADAN
ViI.I( Ic CCURRENT ANAIvINO AALOCATITOM FRAN OITHERN PSNIIOHS OR THE CAST

^A,64.I11 AA(LI C PHI 10 POTENTIAL OFF SPACECRAFT SURFACEI., CO.RIINUE C N IS NUMSER OF GRIDo POINTS ON SPACECRAFT SURFACEL C RANG IS MURDER OF IATERVALS THAT HALF-ANLE (APIt2) SAID IAN
C C SECONDANT s IS DIIVIDED INTO. NANG SHOULD DE OAD SO INAT INF C IS

C C ALES IS UR OF VELOC ITY LEVELS UISES
IFIKL.EA.OI SO TO 2100 C P10 1S ACTUAL CoN TAIRUTION AT EACH PAINT
DO 200 I13.RkLEV C ANG I S LOCATIONOFECSADPITRTEHTNGADP5AE
Do 20 L lL2Z C ALES A HANS ,ATRCES.G. .... 1 HI 1 R

IF IICHECIII.CO.I..ICHlECII.LII.tD.II DO TO 200CNHINANRRHRRNRRRNRFRRRAN*R4RIFARR
IF IPHI LE.0:.S.A. I.AI .0.0) SO TO 201 DATA DAFF/.I.

IF IPHFMILI.NE.O0AND.PAS(ILAI EO.O SO TO 22DATA FACII.O/,.SI/O.0A7/
Do To 200 DATIA EL/D/

201 LCUT L GARFT-A TIoII3I
ANDGAANGIL I DELAN..SRRP I/FLOAT (NANG- IT

00Go 203 L2L 1 -
202 LCOT-L+I NoIR-S

AGA.ANGIL+II C GENERATE COEFFICIENTS PHGiI,LI AND ANGILI FOR USE IA CALCULATING
ANARoNS6I L I C SECONDRY CURRENT DUE TO SECONDARTS ARRIVING FRoR o THER

203 ANGILF .. *(AmGA+AmGvI C PORTIONS OF TIE SPACECRAFT
20£A&.ANGLES IOIL-I

VARELE I-S Do 30 1-1 MLEV
VARDLE1).ANGLE Do I~ o-..
VARALEI31-TIJI IIL.EO.OI ICHECII.ILfll

.- O.O IfIA. A ICHECI.LISO

IF I" TI.LT.O.0I DL AIII.LCUTI-2.ONC WCAITJI/SGTPI I F(IIORL.Eo.01 So to 1104,
IF(ITI.LT.O.I) SO TO 202 ASlt I -ELA0GmFLOAT4L-I)
CALL ONTIOATAA.JI RATAI-VIlI IOD2VPHIIJIDARRA
IF IAAAALElII.DE.ISROUM.-RELTAXIII SO TO 204 IFIDETAAI. LT.O.0I GO TO IRS

IOA(,LCATI.2.ORCHACAI(JIIAEOP I IPOT-DAIIJI /OARRAI/SOTPI VARLET2I.ANFLI

20 NU-NLE VANALEI3I.&TIJI
DO TO 205 CoS9A.COSIANSIL I

204 ANG-A.AILE O9,T A-COSARDVS0II.J1212.ONVpIIIIA 2OAAVCA
2015 ANLE.0. SHIARAMD)GA IF(L.EO.I.AOA.DSETA.LT.0.0I 00 TO ISO

IF IAABSI;ANSLE-AOLDI.ST.A~AN GO TO "0A IFI(L.ES.LI.ND.ARETA.ST.0.0I GO TO ISO
AROL I I.LCSTI ANSLE 70

200 COWNTIIRS CALL ORRITISO.R-ETAI.JI
C IFIOAADEIII.OE.SOUD-ELTAOIIOO TO 190

ALEVI-MEV-I I F IARSIIPOT -PHIIJII/RA11011311.T100I
DO 210 L*IL I PfO4II.L)2.OSECPIIJIIHEPI"OT-IJTATO3I
NO 21 I-.AEVI s oIPI

IF :CEEIL.EO..RIHCILL.O1 G0OTO 210 I F IPI4O I.LI.EO.0.OI ICIECAI.L)-t
IF IPH0II.LI.E.0,.AMD.pHOII+I.L):I:0.oI DO To 211 G0T 9
IF IPNGI.LI.NME.0.-0.ARD.PHOIISI.LI.ED..S 00 TO22 IS. PHOFI0,L1)2.ORECPRAI.JI'SOTPI

530 10, 210 I9O CONFTINUE
211 ICUl-I IOM L0

SIVIT Do 30 L-I.LI
VT -VIII IFIPNGII.LI.FIE.S.OI IOFAL-IOL+I
DOO 23 0 COATINUE

212 TCIJTIOI1 C 0C

VISEVII IT DO 197 L1.%LI
213 SIMNO.S*iVIA+SIRF Do 197 1IJR.EV
21A VIOLNVIRT 0O 11 II LIHOI I L

STAt- IMIRN2OpH1AJ)/OR DD RORIILI-P141LI
IFIMETAI.L.O.0I AOIJRAIIICUT.LI-2.RACRRCAIJI/AOTPI VIM I.LI)-V It IIF IRDEIAI.L'T.S.0) sG To 217 AMOLI.LIAFFILI
VANLEI Il-so 197 CONTINUE
VAALEI2I..AMOILI C
.. LE3 TIJ I C

TO.D C
CALL ORITFSOISTAIJ) C
I I IVARILIII.AE.IA;AG, EIA1) AG 10214 IF(RL.EA.OI 00 TO 2100
IFIRs~iFpHIIj_I-PO/AFSI*I.T100.0 Do 200 II.A:LEv

217 SIRSI IDICIECEI.IEK RISII M.VD.OIT AG TO 200
00 TO0.215 I APIOAZ..1 A0:0. :0.9011.LI.E0D AG To 2"1

2..VA-I IF FPNOI.LI.IQ:.0A .PGILIE..O AGT22
VA TO 20 -N H +G TO 20

213 ViRAG.SNI1VIA#VISI 20A LCIT0
IFT, RVRSSD.1AlIAII1.II 0010 2IN A04 ANOIILI
VIIIICUT.LI-VIR AFRIR-ANRI L..

C 20cnIIA202 LOUTALVI
C AMSANGFFSLSI I
C AISR'F I f

2100 CONTI-R 202 LENG-.50SISAANRAf
C CALCULATE CISCAT 0AfoLSAmUlE

CU*RIIR-0. VANALEI1' 0
CISRaO-e. VANR.E2-AN
comesVO VARU.E(IF-fjI

CR150.0 TAAIVIF I hl I I4#pNIIJ)iQSIA
AG~1 35M1L FETAI.LT.D.6 11001 S LILCUTI-2.ASSECPRIIJIAG9TPI

IF1P"I L.EA0.NPJIA.I IFFDETAI.LT.0.0F SO TO 207
I CP-2.OHSCA1^FJ),RSTrI CALL ORtto SO9.STAI.JI

350 CONT IRIE IF IFVAU.EIII. G.(OSIKN-SELTAXII SO TO 204

60oWITAILURA.AOOI j1 ANRsoNaNlEo
AOOFORRA F/IO.NRMWINSI IN VELOCITT APACE FARt SEATTERS AT J-$. SCISSE FI LCIITI-2.OASCPRII4JI 15(( POT-PHIAJ)I OAFRAI/RATPI

I 131) Go To 2"0
SIT ILWNAOO 140I L11.RE.L.II 204 A-AaE

600 PARRAT I IA. 19,921P F 0 m ~ 0.HAARII
CALL F~TIL2.CANIV.CRINCIRA.JCP.PI.NTRFPM IF DoMLASISAIFA To iON

400 UtNT 1IR 207 AM~ II.LCUTIL~fE

laO COOCATIJIESCATTJI-CASRIV C I
400 C ONIINEC AVI01E-

RETURN DO 21 LI.L

SUNERIRW,~E.KNOF*,0JWPI 11 210 1I-I.5EAA

ICONINRA pSVII4IS.ANIS .I0.SlCTNI4I.CRECTRFIH4I. IIP"dlI.LF.E0SAND.PROFI.IE.A0 +G o 232

SRDl1I2AI.AELRARI 14*?.EfMXAi44I.ET AIDO.SRATIFI4HI. Do TO21

DOSCAT2I4 IRSCAT3S4#I-p"dI2O.HOI. 711 ICAIT I
I AMDI4OI.CpHOMA'I4AI.RFSAMSo "RATpoANK (2.4)0.5014120.HOI. VI=II
2A50~L2.001 .V1110.OF.ICNECAI20.SOI,RATIOI 131.IROOTIIHF SI&7"I. 5
IIFSALTlI4F..SACALII44I.ICORFI44I. AGT 213
I VAF2OIFSIST.L(V.NTIHES. ILlS VTIRS2FTRA2I5021 7"12 IlCoUIIII

.41 54..CS 7003."V'.4IDII4 SISII I
I ID AfITRIER Ity. Ip0II.RRECT.mfRO.PRS D*1 233 SI-.SIIASA

25 1,NAR TEE.AIS .E2IRIASI.TI2WI 'F912. IFSEA .1 .001AGTO'"~*''O" " ' 21

TTRR.TIF(. ,t,1R.II.,I1'.*: lGoR RTIIS
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CAL 02N7002E72.7 CASF 2

IF -"A25L )27GE.7SS0UN-0EL70072 00 T0214 7 07.4(2...N.22.,C...f.o7 2L.C00

SC.(2.0-WEI0ST)ASECE22J7,IEXIO TWSECPNN2 NCCGI.17.EO.00 007042
PW VSNONICUTL..OSECP8E X -POT -F5A17/0MM)AJ,007 C

.0.!01725 C CASE 3IF

225 VNR0. 5A702A0015 T. ICI! L '. 7ES.0.AO.CIECCP7T-2.L2.ES.07 00O 70
NF(ASVTM-V202 .7.T.0024702I417-0N7777 0070O 226 C

:, viuu ~ x VIt C IL'-c CASEA
220 CONTINUE 'IF 7FNO)I.L7 1ECA0.0.ANI.FIIO2I.L7.ES.0.O. AMD.PM071-I.L,.AE.0.0.

C 2 "N.F120, 1- .!L .E0...ANA. ICHCE)I.L02 7.EO.0.AEI7.c2 2C24CC2(7I.1.E.0.AS.2I CCk7I-2.L2.E0.0 0070O43

C C
2200 CONTINUE C CASE SC IF 7FAOI.L727.AE.0.S.ANOF140I.L).EO...N.7012L1.E00

C CA&C2AAE SECPESI VASFAC. 2-I,L).NE.0..AO.ICHECK7I.12.EA.0 0 T
Cup IN-0. 2 440
CURsA0.0. C

CAEIO.C CASE A
IFt FUTS 1500 040 IF 7PINT072.L12.ES.0.0.AN.70I2LI E.0.0AN7f7P07.1.NE.S.0.

00 150 L.2.LI 2 1CHECA(I,-I.+0 Q.O 00 TO 450
IF ,P5072.L7.NE.0.0.ON.PN174J.0T.O.0 C
2CP 7C.0SSECPEI237/SGTPI C CASE 7

350 CONTINUIE I F 7P07.7.N... D.70-.,7.E0.A .POILE...
.RITE. 2LURA.A0002 J2 I AND.P 22L .0.AN.ICNECE(X.L2.EQ.O.ANS.

A000 FORMAT 722.ASAVLNO IN VELOCITY SPACE FOR ELEC IMIJCED AT i-S. 2 IC7ICCE7-2.L)1.EO.0) 00 To 440

WRT4LWIA.AO 2P6 I.72l.L0.L.1 1F(PF74021.L I.NE.0.0.AMD0.PHO(I2-1 I).E.T.O.AND.PN071.L).
600 FORMAT 78720.29E49.227 I E.00.NO; .P2202L.0.N.. 0 0 TO9999

CALL. F1T712.CA*R20.CUNAIN.CURNA.i.CPA.PNI .MA.OAAIA 00 TO30
400CONIT C START CONPUTATNON FOR THE RECILA CASE

360 SECPSA2J7.SECPRN2J)-CAARI0 9999'0)07W1.;LOO L1507I 1-.501.L1A1.210217F47.
400) CONTINAUE IL.I)SANGS2 I .79N1 7PH0I7-1. L022ANO L7SVI7I 72/SEN

RETIM R7027I 75P101IL)-PNO2 12.L01(-27-25F0.1-02.127

S2JAN0UTIIC GUN CI(ANA( L)A7PN7112-Plt2.127-C 02P02.-P7
CSS* ANAASAASAIAA*SSARARASNSASASARNAAA .. 2a11 .1))M.

C URPOSE)10. COIUT1*NEIC CURREN.*T DUE To. T.IC TEMISO OF. A : 7A02L-7;2-.2P7t1L10F"I1102/E

C0MAON/OA/C10N744.CLEC24.:C 5EC72442.CSE274.C50 HT021442 I C0S2A12A2L02720RS1AANG2L022I51ofN5 "M
I pN .CF00T22244.CSCAT742.CRCA222447.SECP*NA244.SIECP5I7144). C2IENT.APIISIMR7.552(l(-2125EX"12I2-1p-v1(I2m10FPV2101

2 F74222442.C0UN14.4) 2 00.25SSTPIS2EFTVI-EFT2I-2)),
RETURN 

2WRIIC.O.SA2EAPV2I'1-21(.@0I2-171A22-E0PV12'TR7.0

SURNoI2T%IAE T7LZ.CARRN.CURSIN.CURM6AO.J.P1I00.PI.,AMMA) CURENT.CIMtEATI4IMS2(C7COS2+ANR2,L2 -ORAO2 72 2O4AMRL~C

C 755SiJROUTIME CAtLULATES SECONDARY CURREAT FROM OTHER POINTS. CARIV-CANRIV+C2MENT
C IT IS USES IA TIC COMPU2TATION OF POIT OIEECIROAS.SECOSDAAIES.AND 00 TO 340
C SACESCATTER ELECTRONS. C
C C WATR COMPUSTATIONS FOR TIC N0SEGA2.. CASE

C C ---- CASE AR) ---
C TO COMPUITE TIC CURRENT OEASNTTYA OVER N20ELOCITT2 AND SUM1 OVEROL 400 CONITINUE
C ChICNLE) OF BASRAKE OCAVLOCNTY0OSNIILEAVLCTT2AEP _VELOCITTA$2 I FAAOI 72.122
C 2VELOCNTY.A27ASIN7"C.2R7AIALEAR7E.OCNTTN P0-9"ROCIL.01
C TACENNO INTO ACCOUNT TIC FACT THI? FOR CERTAIN INCIDENT EMERIES FD-(FNO71022-F7+ 1-1,L) IIIAN2L022A2L )27
C AMN CERTAIN DRECTIONS. ELECTRONT ONITS NO CSNONECT RACE TO TIC ARRIENT N 2ANOL(1.122-ANO7L72OPMCOIN-2.LN
C PtLASMA. C
C DEACRIPTIOR OF TIC VANIALES C MANORn I
C CARNEY2TOT'AL ANSIWNRS SECORAT CURRENT AT A 81EN RMID POINT C --- - - - - -
C CURIERTIAMRNOINR CURRENT FOR ONE EIE1MITART CELL 1A VENOCITT APACE DI7DPP0I.2PCIIL/NA LIL2-NRLR711-
c O ' ):02.2 INAINN FACTORS IN CURRENT INTEORATION . 0.(2-2.2C ADC.5N CORFFCN, T INILIMEAR TRATION C2*IJMIOL(I12AP02L-N7-.2-CLNP-D

C MCI SAMPLING AMILE IN VELOC ITY SPACE.ANALER ARE SAMLtED FIRM 0 T 1 INLILN-CL7211-11N2
C ZEROO 1P0 ,.pbpi D2P-IO177NLILI-CL25R11
C gIN SAMPLING IN KNICTIC VELOCNTY AIP......ANAL(IL0+N7)C EII) I2ONANOLL IATI
C MLE'VN MURMA Of ENERGY LEVELS9 USED3 In TIC CONFUTATION C

C L2N MURDMER A.EA6 IN VELOCITY APACE USER IN TIC CPWUTATION C SENIORf 2

INTEGER PERSEFC. SEC NS.PEAA.F-AMINR VA002272.1022

.KLEET(20).ELMA11244.EM1AO7 2442.TA(20)1NSCAt2II1440. D2(21 PS-D7A(VA-VT(1I -C-PA-N(-2LII(0(-21-N/
2RSCAT(144).D§CAT3 4)42PW02.47 2 (A-VT2I-222A0(N0N2 RIC-CL2

NMC(0N.CAONA "4"WeAN.NONORL2.42RIIDNO4) C 2-N(PR-PD)2AMS (L #22N( 4VA-Ut(IN 7I-(PA4N0(I -. L 421INEAII0I II-
2A01 C.47VIT22D402.ICNCD72.40.ATNO7NS)I.R00T1144),. N VTI27/(4AV(-)A0(2V(-)NM(47 S MU

IPAMT7247 .. OCM. 2442 *ICON) 2447. 02 E(D-PIO(-I.L02 N )/AM6-MC(L+N 7202 I-I)
IVN(30 EtEN ).ALEtV.NINICA IEU. TIRNR(20).T1M$A01207.VIA2) A2.PM16(I-2.12 2-B2NAN(2*I)-C2A02(I-2-20NC N-I ISANRLI

A142R7442.C2 1447.R572442.AA(2447.TMI2442.D67144,2. 
C

2 22..WOATA. RER.ISYN. NPO2R.JM1ECT.WPEROS.IERtOR. I ETY. 1dfWE-I4RINAWR(1) 7 OAM(LN 7-IAI*R2RANRSIEOMCS2O
2SAO.R050(7D:.4N1.AVRYI?0.47.T744.MLTAX DELRAY, I D2I(C) ARMC7)I

2a"RE4 TMTSdNDNN.O.IJ RI.P2RTWSTI N I0.SRRIR(FT I'T I-IINN

St.TEI .IEAPE2.MNII .MC,'.Nt2:MN12Z7TEWPI.TEU12. UPEINI.0.AIEOFt 27. 2-ZI 2.0001(-I2 A2-EPVZ2I Il
3T1EWUSW3.LE4. LRC.LRALO.LX LNGE.LUMRAIO . 2 (2.04*IRROI 2I
NNNtL(2A .b441.-ISTL NAA.PRSCI44N.C2NS(2441INI(44N. CURNT-C2NT4URICN(CISN(COR(AM(L12CSS7ARRRN )#OR*(MCILNNCOS2*dAN
flERPAR74..PINRI0644). N OILI))
aINON(2144)7.CEFLEC29 144). CSEC2t4.CSEC2(244).CP9CT0414. 2-ASRO(CIDNAM)I(CL7I
ZCPHOT2I 144I.CDSAT(2442.CN5CA272442.RECPWN(2442.MCPR27144)t C
31AIts 441.CGLROS4 STEPSIMCL0 1) NRSI/FLOAT(ERITEP)

2ETVIN2N.ET0727.NRRR.ETMN.ETAR.MTA2.MTA2.R.ERS STEPC.4011(2.L021-02(NII/FLOAT(KRTEPI
3L2.EARRIV.CP7IO.ESCEC~L.CMCF2 .CS.CN. CSN.,CN STEPD.0N2 I

DATA Ralf/5 NI O 402 E-..sTEP

C 5TPONSEPAVATEP IM TEP - 4#20TE W1481"

NO 040 t..22 SNIIITEP)-RIN(STEP0II
I12*1.T.2N TO 320 CI2ETC1NVWNCN@S(N 22NE502 -NIRESU(-T

N1FINENJNAAN AMI.0N O TO T 340 urn7 -* 0.2SaTIREF(TSS7ET(-

MRO I4V(ICIANS(LI-MC(L021 I I.0tES27
A.PNA CIUET.EImNT4UIIN(C25(COS(RTEPAI-OR( CSEP3$#
5.0 I 2SCSTEPAEO4ETEPAN-STEPRRCOR7TEPS)+SN2EP7TREANI

C7P140 ( 2127A7 l)-PHI.L)*AWI ( L#UI0#POOAAS(M( LVi)- SE5AEVTP
2I 77,1/MEOM a TEPAST PRD.7~d(.LI-P~t .122 /SEOR412 CT"INRE

WRIM.ANM( CSAWL1- CA"SCC.0 22 CRVCNRCURENT
ICOSItAi0N770RRSNNl(MC(1111ANML(II C1MI.CINOT

CNMRTRNREIO.50N2 7E1012 IIV.25S~RAPIREFT(I~ gNel FOOMATIA Cups*N.31.EIO.3I
tDRI.0.SNI.-1WPV12121f.0#VI(I)S2PY WRITE2 9)2 1 .JNLCUP

ICORRENT.CU2MEN T2WIECC##ICOS(7MC4L)7)COOAAITR7L4N27)7?I#R7M7L IS
ICOR(1MC(IL) tMNOtL27CONNMCD(L0I1INMC(LI7-INMNLNI7I no TA 340
CARANV.CARRIJV#C4MWET C

CC----CASE AR 2--
NO TO 340 AI10 RR(.D -~CIN2VI~VINL0N - 7NII1214

3.., CONT [ON IC21.2V7NEI7OCLOI7IIIL2.II-75UI(.I
OR IA99I7(N-1 02AOIFNt7JNA I /BARANIP
IF7 RETA. LT.S07 NO To 140 C-(POND 1(N.LI0-PWOdI1 I2.L7"610RAAIU(12I7INI2-2 2l-VN(LI7/NN2.7
MRS7MCNL I-,;A7L(2 7 7A7AN7 I-2 2-7 a 02-),N

NFP) , - 11.E0.0..CPONI75.. . .PC1-21EE.R7)( I--1-PM (A1.11 I-RNN277CL-MC2VIN b7C

I .M.P71(I.L.ED 00N TO 3440 C~0I

r A CIET0.
I F CAW II77 *I. I17PR)-.27R. ASRIN2T7. 0YT .0 Ntt.-f)7. AY



C14

,I41 PC- 5TE I.11,TP STCPT812)T.SSSTITF)SE LT i-I

IS .OISPSNSEPAT CWOrTNTCII FTTIU*I4.C2ICOSSTEPA-COS(STEITL..STLrPA

LOrI.CURE"NTIWRIMCOI0.5*SITI I -I)Ilk1V01 I-I -sTIT SEP I COS'STEPA)-STEPB*COS4STP,,SIN(STEPS) -S'NIIYCITAI
S -STPTOS2) *ITO25000T911' T4T14 (T)ITf TPA.ST(PI
nnI05dTiI s -1 I 1~yl I-Il.2-toTST11-22 ST, I ,ST EPO+ST.FC

* .0STEPIION2II 441 CO.TITIO
CISEMT.CUPIIUPRI MISICSCOS4STIPA)-COS(STP))TOIStLPA*COSST?A CII _STE PSSIT TT10IlSCP)SNS~A 44.1 CARRIO4ARIVC)RENT

STEPII.STIPD#STIP( rj.r. FQI WITE0.051 J.I.I-.5
411 ONTOWV05 FORMA? * CURSO .31;.0EO.

CARRIO.C RIOTCI*Ewl Go TO j40

IF '. 10-1 W[ITE-;1021 J;I.L.CUR2 450 CONTINUE
902 FORAT(S CWT2S.31,I PI03 C----CASE aS

C
6090O340 O-:PIOI-.1.ISOTT-.)41GT'TO(.,

-(940)1.1 D T-II, I. )SAIGaTI1-04 :1-I1)l
C-ASE~~~A M"3 -)(0)T)AE I lLI*(AG(11-MUL) 4 tLI

420I5.) OUEEOITI.L)-PE01T.)IIIT.T4)-II II 1).) I) I
(SINDIt 1.1 - 0 51M(I I -1.LTII T)*VI I)I.L I I~ I~l VIL )S4L)S 1960)ILTI -910F -. T 00G TIS4)1-I -T1

2 )V I)I.L)-11 )+VII1)VOI-VT-)001IILT)S I _lVII)- VI(I II
C:19 NO1)) (.)TO)ILI)-80G ).1-SUI))AOLI)AN(1.))

a-0.0 A.TWII)I.14I_-I"AEI tI)-CSVITI)-DSAEEI1TII.V1)I
A*S) -11)STEP4.-0.5*(A61)I.L)+ANL (I-I.L) I

C SRIME-A494STEPA)TOS(ST(PA nAISNANO(TI)CO3)AWSILTI))T
STEIP.ASEOLI.T-I.LII)-AMoILI),/FOAT(T.STEI) I SS)1SITE)ATEGTLII- M)I)STI PAT):
SIPAno IL C0*UPT.SPRIWE ITO.5SVI)1I-ITS*ITPOI2III-lISOu0))
CLOENT 00 I) )+TO.25SSTPIS)ETVI T-FTI)I -I).
STEPC.TVII1 )I-0II.LI)FLOATIKSTEP) UIRMO.55T(090121 -) )S).0TVITII)02Ep1 T

STPD.VIITI. L I )lO+VI4II*S2)) :OVs1I:SlOI1
c~~~~~~~~~~ UNIIT.CTRITUPRTTT(SCSCSSPA-O)SL,,TDSTA

DO 421 TT.I.A5TEP I CI1ISIPA)-ANGTL+IT.COS(AMOTLOII))TSINTANOTL+ 1)-SINTSTEPA))
STEP P..SEPTIP CARRIV CAScRTVJ(Em
Npo UETASSTPA)*COSSTEPATSTISSTISTSCOS(STEPS, C050640510

I *STSSISTEST-OITITIPTT 19J.E0.1) IERITET9.906T J.1.1.CLJRI
CUT UT.TPST0UPSTO Em IIT OVIT-IT-STEPD 0 FOOEATT* C1J560.313.IPIIO.3I

ITT-TIPDS2)T.25S*T0TIYETTSTEpDTI T1 -ITTT 
C

CONEST.CIIPEMT0IPt IMSIaCSTCO1STTPAI-COISTEPEI )0DWTST(PAS 460 CONTIECI
I COSISTIPA-STEISCOSISTIPSII PSTIPBI-sl",srEIsT C

ITEPA4SIP C ---- CAS 7---

STIP T:F*IP C
421 CONTINUE 9S)NL - LI

C AMVC MIV+CURENT PSON(IL+I

N* 1,03 FRTT CU3S31.:IO 2 )AMOTLT-AIOLI-.LII)TT CAO

GO TO 3403TPOILPBDVTTTNTTNOI.ITTTNITALILI)
C A.PNO~tILT-SSNOILT)-CSVITI-0ITTOLT
C ---- CAME 534-- STEPA-.5TT31LIONLI-LII

C WSI"IO1 S ME L )SOTNTT-TAVSOSTIPATOCOS(TTPAIO

I STII L.10 IVI Vill T)0ILISATL I -01 I-ITAOLI-ILTTRE I.2SOP*FTTII-ITfXIT I-)V4I*XVI()

C.TOESII.LI TPNSZ-ILO T-ZIZLIIUMOL#I)/II 1.118 0. TI 0414)02

0.0 1CLMEIITC +PIMESTOFISSCSTCOSTANSTI I T-COS(TTPAI IDSIANOTLTO
-P(050 1.1011 I COATOLT-STIPACO1ISTPAIOSINTSTEPANI-IINMOTLITT)

STEP.I.NSIO+IT-AMIM 4I-I.LI.'OATTESTEP) CAP* IO.CAM1*IOOCUIEST

ell A-A 0L-.1 CFIEI WTI II,.7

STEPC. V IILI-VII-TT/LOATDSTEP) 907 FOEA7 CER7S.33.1tI0
STEPS.VII I-IT 340 CONTINUE

C O41AIKFPC 390 CONTINEE

STEPM.ST PAOsTIP C COMPU4TATION FRON THE CUOFPF MARESY TO TNIEARIST LEVEL
WIMI ETAOSSTEWfAISCOSIITgPAIT(AObSTEP*ISCOISTIPTO IFTPMIIJI.L1.O.OI RETURN
IISIISTIPS1-iSISTEPAII 110

CUMTCIMTWISO.SVI-10P11-IUEDXP DO 500 If.ItNEVI I0.200TPISIIITTEDI-IFTTII-I I ITA.VTTI 1820#141Ej1/MIA
IbI.0.581E090t11E.0011 5W2-IE-TPA2 rVTTA.LT.0.OT 11-I

I DI0SESSI 
0 COSITIIPE

I SO~IITEPIIEPWSITPTSIIT tIITEAI 1RT

IIEpOWSVIPI4ITEPC I E*111I.VlI RETURN
431 CITIME CIENT.0 O

C DO 3011.2
CNSOIV-CAPRIV4CISEN IfIPICTI.LT ;2.I0. 0.Me. PNOE I.LOI)1.0.0) MO TO 501

OPE.I. II NITEE9.9041 J.I.L.CU34 A IPNOI.LISAMNOE10Iw-F0SELIWI-nI.*pbsT
0 13*Mf ;I; CUI045.3T3.IPEIO0.3T I .03I40054E50I*VI I ))/KIMS

C 'lIL +1MW 1.40 T-I/ImSLA om 0111-HIIKO

00 TO 340 -. I 1/M1

40 F0*53IN EINEWEo1I-IIESL

I+"01 WIO1,C, IAQL: :OL1 0.2SSITpISIIEFTVICI-FTTVIIII
*I.TSOIMLII.1I-PD-PICI.LII)E'1I-1L.L)II/ VTIVIIII ID@SE..SS(tDPf-I-01S18IOVIS-XP2EII.IISS,
Imw (NEITL -ANEII CI -CINTIWSIWICS(OsAEOLI-CSMSSTOLTII IOSANOLTS

IIIIID 1,101-~f C0-IM4SIE+601LIS +1.-IEESLISI 1lUI.IVTI If 31 CIOIM
IL+ ISNSTIOIT-AS.SoECONTINU

CENtt#P-A.' IL~ CNO9CIVCS

C PIETISM

WorIAI, )If N I.IICOSMIILEIVIAOISSMl) I IS 140

C MNTCEIT+ WIIESI.SS4INIIIITSE*aPVI2- 1 -0 V(111 W4JTINE MORTETNN.tIETNAKTAI.TA2...aEI.
I IPYITTIRFO.25SDNTPIITITI-FTII I IOE7MI.OpMESA.DOI
uIg .IE0.ISEOVIIIEIIIOO 2T-ISSEIPY24I)S C

I .TTISI C

I AsOLI.LI0COSIANOLTI.II AMSOL*ISCOSIOEMILf1110
q ,ITNTO II1IWINOLI.. 1

4400 CO"IIMA C
IFTARIIIL.tI..AESLTI SO To 4401

.02.151.1 pLIl:-#SISIII 1-11il 1.,LI I-MHI I -1,L T-D.OIMSI-LI 1.1

2CIG VIII-LII I I/SCL0VT-IVIItIIIII-IIIT C
2 MSS. %,110 I-I I A"111- I-VEST 5.1 lIT C-I

I -I11 IT C P3390W OF MI. ow" III
*2.pSPNII.LD2TAdSIT ISVT- AmLIIII~f0M.I :v TO CommitI ACCEPTANSCE fluE

IC,-SNt)T C SUEWIPT iO or IE VWNTAIS
A2.FNO1III.tT-2AES6ItT-C20VITI-IT-2AMOILISIT-I C RECNT1: ID npn CRITERIA ran11YE ACCIPT""C AntE
S1TIPITAN0E 11.1.1-40811 1IOATTATP 9 r of0I1 IS IREIE IN AfR Amn NO SKP TOM1 0 To I

NAM 0OI -CN



C15

1 1~AF34.0).CAt)4.OSCT3..SCU34. VAh.IL2T)SAENI

)AA..0'C)33NA341.03AMG.AU.@UUMPARI2O).F500A03)2.40k. I=.0
A030 0.0).0..2.40)ZCAL#,20.403.kAr3OlI3).3000)4A). DELI.A

TIFALT34.LLIL I4) I(434) CA~L I II G,3IT)50.0TA I.3.J)1.50

-,AMMA.)D<. 4 8))VT)O4) 1 44. DELA. PLTA.00TEN-Enh-ozo)n
T'SDo014AJ. 48 1 .SS)?1 0

3A.L4.DLTS033.SUTP0..3.P.PORPO$033 TT).ETDI

3LR.UA04.OTL3.L'o.Lw3T.nO GO10 T 3000

P )'SI)144).)3)S.34A).ESLC34.5C0)4.IAL34. C
.PIUE" 1144 .4 . "I3aS)14 ERR
I fIONt '%440-C'LEL) 'I44).CSEC) 344).CSEC3) 344).CPAOTO) 344). Sf.4)06K) .01
"000Y3)344.CRGCAT) 344).CBOCAL(344).SECPR0)344).SCCPR3)3A43. SUO..03JTlAE UB37)SO.46TA3.f
3PA3)3.C00A30144). C FOR NONE EFFICIENT SCHEME6 SEE BURDEN

VP4.JN.63I.MANG.RADFiTOU D.4NEGA.AL.PASO.JP,35.CG C
E.00P )20 .31103120I). ZERRR.,ETNIR. YETNAA.OEtA3 .AETA2.JLESS. C4R4RAA..... RR4 ..R...R..0.....4IT .........434 IT4...........*3

.rRTV.CPA. C .CEL.CSECEI.CS.CS.CSI.G 3006
PAT A 0EL N.(N3. 4 .3~ N1 .6.-20 t CTONFUe~TE 0OR3ITS NUMERICALLY 5 USIG RUGUUAUTTA TECHMIA3IEO

c Cs-4eso .... ss **ss . s .....*essesos.sa ........ A ..

C 
C

160 JLESS-0 13'L3CIT 000031F* 316(3530 14-M.0-71
1J14-0 INTEGER 0'E3SEC.SECIA0.PRPAN.PAAIR

LILLA I PSAYEC 344. 30).CSAVE) 344. 30).PSECTR)344) .CSECTR)3A4),
It aOLTEYRI. ISELEE(20).r.13NA0)344).ENAA)I44).EtA)20).OSCATL)IAO,
T20LD TETNAX 2 ,SCAt2(L441.9SCAT43I441,.O31320.4.0'.
)JL.SORt(BETA2) IANG)40).CPNCHT()344!SUNAM0.ANGO. 303043SUR)0401.

C OAGLI 2OA0) .0132.- 3 TCHEC3))20403.RATIO3 3. IROT 144).
c 3 1FAULT(141:,JLOCAL:,4-.IC0")144).
C 301420).E03R) .IL.E 0.AIME SILEA.TIN3N)20).TINAOZOT0,I42A3,
C CALCUILATE THE1 ANGLES ZERO AND PIE AND0 RPAAff 2A() 1443A). C114.S99)144).111, 44).tN3I44.43344)

C 4ANGLE ZERO 3E4)3443.TSOCOS37003.
TETNIM-O. It IFLG.PEIMT.N. IGEON. ION.IPVIS.NOECT.RPEROO.MPEROD, LOONY.

'IT0-131121 ZOADVA.R00,O48).RVSTC?0.4R3, (144).RELTA.ELT7.
IfI W313.RPIAA 3TS(AA.4S).003663.OSS1O).

CI 3ARLEIA),*T.IELT.SNAUNR.AGIN.POT.A.JL.RtP3.R932.RPIAAF .9GW!.
DMTA.-.RVRO)I.3032.ORETA2O^ANNA0.0 20A7.TEE3TENPE2RENE3 .RENE2.R64#13UENI 2. TEMPI3,TENPI,2.
I F)RMTA.LT.0.O) GO to 3000 3 TEMPR.LO3,LON4.LtJN5.LLWN6.LUM7.LUOS.LLJN9.LU3NIO.
0ANSLE)30 t;.o IED 344).JDTL)344).PERSEC)344).0CC3R03344.3,PNNEL)34),

VAlSL E) 33.7) J3 MOM I 344).CELEC J3443.CEC33441.CEC333441.P3RTO)3 44).
VAN SLE143-VEL 2CPH0T I(4I. CTOCATII .1C5GCA13144).SECPRR33443.OECPR3)344).

;0T 3FAZ144)C.C0U3 34) .
OIL V-A 33(KASE.4ONL.DPHNI NA03.RRRTPSU303300310ALPHAA:.0. .ECS.

CALL OIRRIT)SO.SETAI.J3 2EAPVO2)203 .EFTOI 320). IERROIR.TETNIN.TETNAO.RTA3 .SETA2Z.LES-.
530, FONAAT1131.3335.,21.T3.1) 3L2,.CA4RIV.CPA.AI .CSECEL.CSECE.CG.R.CS"IcaI

IF I ARSL E 'I.G. IS0O-ILTAJ()TRRRR.3 DATA TOL/3.OE-5/
C BETAZ4EN-TS3 3.J300ANNA
C DEL TVEA

C I FC3ETA2.NE.0.03 CELT"A/SOAT)SEVA23
C ANGLE PIE C CONPUTE TINE TO TURNING POINT ARD FIRS SETTER TINE STEP
3 000 VARSLE33flSO TAJ.2,OTTVARNLE (2)GAMMAAOVRASI.3)

OWULE2-0. IF)TAU.OT.O.0.A .TAUJ,'Z.0.L.T.OCLT3 OELT-TAU
0ARULE)3 3 ,,) C
0NRLU1 A).VEL C
I0 PRIT3510.0
DEL7.4 UMCR.0
OMTASDVGO)3.430)2.OSETA230AMMA)-I.0 C
I F3RSETA.T.A.0 00T 2000 * 15440
CALL ONRSI300.ETA3 Il C
IF3VAASTLE) 33 .GE,.D" SOJRKLTRO) 34444.3 C COMPUITE OfRIVATTOER

TOI PARTICL E ESCAPE$ AT ROTA ZERO 443 POE. RETURN TO TON CALL FCT)SERT.SETA3.IRO.OSETAOI
IF(JJJ.EO.I.A*A.RRR.E.)RlTU54 C

C C SAVE VALLES OF PARANIETERO
C 33 Do 300 1.DIN
C ANGLE SF302 SAVE3(II!0ANRLE3 I)I

C~ 44073031 3 IET,1
C 300 CONTINU

C2000 USSLE) 3)0A C

UANRLE331T)) 443 B3ETNER7 30

AN56 3430.0 VAR(E 0.SSAR33I3AAE3II

;0-o. 
I CONTINUEE

ELTIC C
CALL 05511130.SRFTA1,J) CALL O13TP)SO.PRNTI
IO3UASSE I..3NOUNRI-0ELTAX)3LLLL-I IF3FMSN).RE.0 RETURN
IF3 LLLL.NE.33 GO TO 5000 CAL FCTOREST.SETA3.TRNO.OSlETAO)
TETINR4ARPIO3A IF3ISTETA3.EO.33 00 TO 10
TETLONR11PIWAO C

C D02 I oNIN
C PARTICLE FESCAPIER AT R5914W 442) 3.DELWTNSSTOI)

CFIRS9 NINONA ANGILE TETNIN SY SI1RECTION V44SLE)30.NAR2)ORAR3OI
C 2 CONTINUE

C IPTRRRR.ER.3) 00 TO 4000 C CLOI4OPT

3000 TfTNES.3TET33SOOTETIN)/2.O IO3PSNT3sI.NE.0.O3 KILO"*
AM0LE)1.941S CALL FCTOSEST.SMETAI.IRNU.OSETAI3
YASlEIEVL 1INCITEITHES OOOISETAIA.EO.3 00 TO 30
44556533)3 43J C
VTaAtE)A3YWLCOfITEYNES0 50 3 31NI

PELTVA AR I4 4054(33-43 lO I) I)
CALL ORITS.KTAI.J3 3 CONTINUE
IF)UWLE 3) GE. 3RSG3I-UELVAA0) 7ETNON.FETMES C
IF44KU 336 .3ETTI.RM CALL OUT POSO.PSNTO
IF) TET3N-ITTRI ARf.hCCMIMO 00 to 30" Of3PNNT!SI .NE..O RETURN

C CALL FOCT)OEST.RTAI.IRNO4.ORETAI3
C FIND NARINU AtEl TETNS ST SORSEaCTION IF4ST3E~)0 OI

C C . I: TS E Y l

4000 CONTINUEC 4 CONTI
450 ETMRNT 7E lATTNA4I2.0C

V St33-f C COMPUTE TME BEN VALUES FT AIUE
VANS3E33.VRASIRTETMINER S0 S t..1 IN , FTEVf31~~

74RL13t3 j RRLEI 144332.R34M23104)344)3'.4AR
UANLE 34I W C~ 5VS CONT ISIE
1.0 .0 C
MEL 7. CALL OUTP)SO.FUNIT)
CALL 0SS1IT3RAMTA43 I0F*NTI).M.0.0) RET*RW
I F,0A556EI) .AE.3NRETURS-RRLYAA33 TETLONITEM CAT FC T)RDET.MKTATI.IR3NI. ITAI)I
IfIP aEN UM TF)IMTA3.ES.I3 GO TO I0

IF3.FYNAAFTLOS.WAECCNIRT 307 50C
YE TNAIT N060 C COMPUTE TUNI1CATION ENRON

RAN 300 A 1.'40

$000D CONTINUE C COMPUTE0 RELATIVE ERRSR FOR EACH ARIABLE3
C TS Mr(7140 ATTEMPTS 70 PINS At LEANT ONE ALLSE 04537WHE 305 1.0
C 436 PRR.JJJI.LLLL31. Im40
C C AMLU SCAMN FROM L.0FT TO SIGNS EAERS 30 DEGREES Do I 1.3.3313

4077 003003 L*3.30l RYE 331.0

YFYNE.RPIRL0AT3 ))OGNTA T30445E313..0.A35TE31.TE. 30A501,



C 16

TES Its, COIIDIEGENII 

IPHI(144 I.10114 1..

DEL1. , 1IF , i.

4 CURIIAJ I VIIUAALE3I

5001 I 001 On" IfI;GP
c IF(I0N .o.R oR.ORSGk.pI2oG o1

C Do 12 I.I.R

cO TE tpis AccEPTED IF4 OR .&6.TINI 00 TO 14
0 1 IIIIIA.E.NIIII 1;LT2.ONTILI IFIORD.OR.Y(J). AMR.ONS.LT.TT.1lI)I 00 TO 1

FE ItE.RR KOEC0 -o COTINUE
V*T-DELI s0 o IIs

Go TO 11 1 A.ORSIREI?2
RETURN j.R

%EIIASLI.0) 00 TOD

c ~~SUBROUTINE OUTr'SO.PRNT..... 14 JI*-

I FIRos.,I To STOP CORPUTATIONS OP TIE ORDITS IF THE PARTICLE REACHED fIN -30111
C OUTIER ROUND" V on GOES "AC" To T." SURFACE 00 To A&
C EUTERNALS I IIONE C

INTEGER " RSE C. SEC IND.ENPAWIFARNIRACR
coIIIoN2RLk.i/ 16 CONTI.UE

I SAVE(144.I0 ICSAWII144.10).PSECTR(144I.CSECTRIIA4I. O-DNLE41)
IGELEEI2OI DELIIO 1144).ENAO144I.ETAI2OI .RSCATI(144I. I 1 1
ZBSCAT21144I.SCAT3(144.PH420Z.40), C 00 1ILINEA INTERPOLAIIGR ON POTENTIAL OERIATIVES
IANU140).CPNONUI 1441 .SIAIIOAIIO515L2."A O401).9OUM1t20.401 N16 0511 I 120E1TNI
2ANOL(20,40).V 10401.XCHECII2O.0 TAIIIROOT114 Do AII " 'DELTA'
3IFAULTI 141 .. OCALI 144).ICORII44I, -+2.

112tE II.NLEU.RTIMES ILEU.TIIO.IAIO.IIIIO.0 I1*.R
2A14.5141144 1.N141p51144ITW(I44),DW(I44?, If(IIANlEI ).OE.XRSIIII.NNR.0ARSILEIII.LT.RSSIIRIII 00 TO 32
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712 CONTINUE 90700 I.I,NLE.UILEV
IrfKN EQ.0.0) 90 TO 710 D(TA INI(I)882
NIS. I K TA29ETaI-XI/AINI
YZERto-S.0 IFIRETA2.LE.O.O) 9010O 70
IF1 )TI;NE.0) "Mt""9)9I

IZERO.AXASI C 0. IANHASRTI ADSXI /RANA) 0/DS (XISINHA UImmNUN~n)IT~ 3) KLEE(RN KRLP j) 95T10.0@ISDTA2ITEWPI lEI .OODETAZTEII/
Do 705 I..N.UILU1 aRI EXCJ)
DETNI9T *)R2 C700 CONTINUE
DSTA2.RTA-XIBAIIA
If )DETA2.L.O.0) 90 TO m0 IF4=61.1) 00 TO 710

vt N NYUN).TCOETA2I *(A NI3)092
KELEE I NMN)-?. 48SELO) (J) *ETA2*TffNPENEDPI-2.ORSQ*T) IETA281HIE/ KELEE) I .pKLP JNTOY.OIDETANTEMPI) (l 9.04EETA2RTCMI I
IENAOTJil/ENAIj) I W09()
I9C DSCATST(J)SK9E1A25MM C
ETAfNU")Zv9CATI Ii) C1f20O.O
ifIF )99C.L.1 00.0) Corr 1.ESF)-0I/oaINIA/9TPI

I ETA NN.9AT (J)-RSCAT2fJ)NEXSPIRDC) ADLO.0O
7053 CONTIUEM RWRO0.0

If ((9)9.19.) 90 TO 710 Imuml1)N-I
LINIRIT U n*ZEo 90 1I A..N USET 2.S)2RO 92 sE0aVDIn-W )m I#U I ... ....
DLa I r .. 9CNRJREARERNOI209TIT2TIE AR LLE 4 (-SELE14I) ININ

LI ENAXI)/AT) ERL I.RLE I4 4)-AEIVIJI

'DC.SSCAT34J)SDETA2ONINA ASLI-.Z.=SLD
ETA), ).DSCATI( I) *KL .2.NSMLI
10F )SC LE. 100.0) CUR2.1k2NIEP-9M1) 192)91 )ASLI-WKLN),.(599192IA TAI.CAIJ-SSCATI)J)8EXPf-*SC) I # IDRLI-DELo)91WI9D)CWff T VIII ))).
NUNI!) PSCN-l ADR@AR(LI
CU02.0. KDLNAEI
CURS3.0.0 @I& CONTISNE
COlE l.TP) -OIOAM)/GI T, CUR22.CUR2
'K Lo 0 I ,o" 0 0 u .O cIET9)RIA~I2))... O/R TIOjl)R

RSCAO. CSECEI.CKECI#COFFINCUR22NRAtENNS
C 710 CON) 1(91

PERON VINUH( I+$ (-111Aml I) END

ADLI.21OF DL, C
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Appendix D: Listing of plotting program used with CYLVIA

Lit ILLL CL LCCCCCLLLCCCELCCCLrCCCCCCCCCECELCCEECCCCECCLCCECCCCCC

PklOSEAH IVPLO NTI .OOS'At) T)

C 1111 T~t))EA SOTLVES POISSHN S (IHIINTINA OUTSIDE A CIRCLE (SPACECRATT I UN=U'U, NPDD ERob). [PI.1

IN1 sOiLN TOTTNTIAL IS oIVEN VIS ANGLE. AND GENERATES A LUNINLIR NAP Iu-)V) 1TO)S/N..kS-TswKU)LO

LOTTTTNNPIE/ RPT.RPI2.RPIHAF.SNFPI.SAY

I GOO1I MEANS GEOMETRY IS INF INITE-CTLINDRICAL. 1.11)1.-.

I '!EOM-2 DEANS rEUOETR IS PROLATE SPTETIOIDAL. L oDVOL2PIIN.ET~I~.N2)INIL
IFLI IS PLOTTIE D SPACLRAT AII"Ol""NLNESI. IFIITLU.LN.IIAO To) INS

L G STOA)AJOETNO-01INOAAIIS RATIO OF PROLATE SPHDRNIR. ))L)1DA.

SDiD-I)ELLOG NF 'NNTER SRPIT [I oOUHARN ADIUSSPACEERAF T RADIUS). IF)I ICE. OT DoOlG TN n12

I ERMi)D.PTCTIAL~ AT OUTE NUNRTIN V. RL)1D.IA/Dk TINIO VEVEPINN2IDE)EI/EPI
I O STAE SAME AS TIE PARAMETER SEP USE ITSROTNE CTU I I.NI21TEFI2I NIORENI[

I ITS VALUE DETERMINES NALTAIR AND THON CONTYUNS ARE LABELLED. RATI! .DSDToLNA
C IANUS IS TiHE ANNIE)1 IPIEONIEST BETW-E TIE ORIGIN OF ANOLES AND J2.. AIEA21 AI

N SDDE.G UO)OG )NEROR GRID NOD(S) IN I-DIRECTION)IRADI AL 211 FORMAT'VT DED'E LEGT SPACECRAFT RADIUS - IPEIO.3//i
C MiI1ETNUDR ofI.~l-1E.. IT IS THE NERVIER OF NODE S NOT INCLUDING THE 212 DELTAU.SRINND/ FLNATIDNI

I SPAlCECAFT SURFACE ORTT PE OUTER GRID BOUNDARY. DCL)AT.2.ORPt/ LI TLNAT

,STI I IE NUMBER OP UNINOAOSIRIR POINTS) IN J-DIRECTIONIIN ANNLFI.ST.DLAiLA)N
C SNTO NEAN SNFACE PNTENTIAL NALUES ARE READ TN.

C TIPNTI DAN~SDAEOTIDAEDAINADVT)TRISUD C GENERATE GRID POINTS. CDEFFICIENTS AND DOS GE EDUATIONL II.NE. I)

L 0 VOENERATE TOE OTHER HALF. CI SPOTS AT LEAST 2' DEANS TACT ARE GENERATED N SUBROUTINE 'SPOTS. Ioo RAIN-I-
C OPC"Go DEANS ZERO SPACE CHRGE IS ASSUTE.NODCIIDAI MEANS LINEAR Do 20N J-1.H

L SPC CAGISSUED. YIJI.ELONtIJ-)DDLTAYANO
ISALEN MEARS RADIAL SCALE IS LOGARITHIC IN REA RADIUS. I)TJT.DT.RP12) TIJi.y(J)-RPI2

ISCALE. EASRAIL CL IS PROPORTIIONAL TOT REAL ADIUS. YSS..j)- - VONPGUII
DE S O UMTE OF POTENTIAL VALUES FOR SHI E ICENTI1AL DO 210 12.)1

C C~iI2..NE) ARE PloTEIAL VALUER 'IN R) FOR WIEN CONTOURS ZGCNIU
CE TO REERI. PLOTED 200I.. EIIIE CONTINUE

TEMIFE...DE.;2 ARE TEPATENTNVLSADDNIISTI TL DA-MIL)DA*DELTATOO142
C PARTICLE S PER CUB IC DETER) FDA ELECTRONS AND IONS IN ASSURED Do 220 "".
C DOIJRLE-VANDELL IAN VELOCITY DISTRIDUTIOND. 05II1). FLGATT IELTAN

C P0I12 . A)..N ARE SURFACE POTENTIAL VALUESIIN KVI. AT.V
C RII-.STOY-TLDAN ETP)2.ANS)III

CCCCCCCCCCCCCCCCECCCCCCCCCCCCCCCCCCECCCCCCCCCCeCCCCCCCCCCCCCCCCCCCCCCCCc C(I T)SVN
C 220 CONTINUE

COVMMVN /CTRACE/ATOIID).JROUTET32TVITNRCE.TFAIS.TIID)VAOCALIID) A"I).O
CODVOID/ CPISAA().RIAA.EIAAI .TIOCOS(ITOO).IFLO C.-IN.:
CONN/POIS/NPEROD.VPEROD.IDIII) C
CONMONPISA/N.II.DspoTO.ODCDO C CALCULATION OP RHS OF ENUATTON EON 1I1

CoMOIVT/DIV/S6TIoIVSo.TIAII C
COMMON /CONB/VARLE4).T.DELT.NDOUNR.!FIC4I.ORUTAI4).B 3NO DO 230 J-1NM
CONDON/PIE/ NPI.AP12.RPINRF;NOTPI.SA :SI:Y)STNPOTJ
EOTOTNPT/NAIM*VAELT.DELAT II IR).RAORPLOT 20CONTINUE
COMV0NLI/TET'E .ENE2.ENEIDEE2DENII.DEN2.TEMPII.TERPI2 CALL POISTIELD.NPEROD.II.TPEROD.H.A.R.,CV DIITY.TS.IERRORTocOS?

I * EIVPR WAITEIAIOIl) IERRON
CTMITVR/L 2/PIIsO T.DELPIIIO),CNT(20T.NEN.ISALE 1001 FORTIAT(II 'TDE ERNON ELAN IS '.13)

C WRI TE IA.,;02)
READT5,40) TEVPR.RAD 1002 FORHATTIN. '*NSPOTENTIAL- FROFILERNR'/T

40 FORRATI2E11IN.I DO 130 J1I.N
READ)5 ,411 IGEON,RPLOT ,SION WITETA.120) J.TVSI.J).I*I.NI

41 FORMT ITT1IO.2F 10.*1) 120 FORHATII.2NJ.VI3,/TIOVIFI3EDO.311
READTS.40TT SSUD.PROIND ISO CONTINUE
READT5V4Z) CNT"RETURN

02 CNTANOO.M..RPOTR.MORCIC.5CALEEN

C SUBROUTINE PROLAT iTENPI .SBOUND.PROUND.
NRITETA.SOT TETP.RAD. IGEON.RPLOT.SIONA.DOUND.POUD.CNT.DANO I N.HCONS.ANOGO. IPOISSIGA.RRX.OEGR.LPAASRANSO)

IVI,N.kSPOTS.NORO.ISCALE C
SO IFORVATIN. 'CTPL T'./1AO.'TENN'.7O. 'RAD'.5N.'ItIEON'1.5X.RPLOT , NNHNNNNNNNNNNNDRNNNRNRNBNRDNNNRNRNNNN

ISO. 'SIoTT'. .40 'RSRI' .41.'PsDN D' .70. 'ERT'.5D., 'AO'*C PIJAOS
270. 'N'.70. 'N'.2A. 'RSPOTD' .20. DODCH'.2D.' ISCALE'/o C TO GENERATE ARRAT OF GRID POINTS AND TOACOICUTE OTIE COEFFICIENTS

3IU1"P2EI.3.II0.IpARID.3.51R//I C Of TIE POISNON EQUATION IN TIE CAGE OF APROLATE SPHEROID.
READ5!.00) MICHN

400 FORMAT) 12) C DENCRIPTIONI OF TIE VARIADLER
IFICN.NED 0ENI.41 TCT)RINN C RIX IS OUTE RADIO)) AT WHIICH POTIENTIA IS ASSURER TO BE ZERO.

43)1 FORMAT)NPI.7*E"T -4I CC()K1MN SIM IS POLAR AXIS LEN TO EQUATORIAL Aol1) LIEDOTH.
IFiNCN.OE.0) IIITEIA6.402) )CNIRIIIINCN C

402 FORHATIIO.'POTENTIAL CONTOURS II. :!1w1/TI1F1o.5/Io C ENTERNALD

C NPEROR IS ALATS ZERO. NINES PtRIORIC BOURIDART CONDITION IN C
C ANOLE FODR POI SSON-SOLVER. : HNSNNNRANNNNNNRRNRNNNNNSNNSNNNNNRNNRR
C C

RPI3.1A41592A535A97 Co.RO/S/ WER.P D IDIENT

RPI2*.RPI COHNCPOISA/N,.TT.RPOTSMGDCHB

RP I4AF.D . 5RPI CIrRTG/CDIv/SIAA.ITN 01IAA.("IS I
SOTPI.I .772453831 CONIION/I PIP2.IH.NTI.RAI

IFOISNO CONON/POT/BAINIA DXELTA. .DEL TAT. 111101 .RAD.RPLOT

IFLOGO CONNONIS/LRI/TERPEITEMWE2,DENEI .DEN2.REN II.EN12.TETPII.*TEWI12

SUNANONDID I.TEIUR
HCONs.I0.O COIRTG/RR.E/PTOII IBO.RELPHI IISOI.CNTZO.NEN. INCALE

SAT*I .0/sOTRI C
READ .500) TENDED *TENPE2.DENEI .DEN2 RLNRA.0D

TO0 FORUATMEI.3I )1ELTAY.RP12/FLOAT4M)
NAITE)A.AOOI TEMPSI ,TENPR2.NKNI.NENE2 TALIW-..D0OB ISINANI.OI/ISIDNA-I .011

606 FORMATTO.ANTENPEI .AO.ANTEPR2.ARSHOENEI .75.SNSEOEt2VSO. P4E12.3/ I ALPHA- 1 .0/ INWHITAENII
EAI5500) TEAI.I*TEIUE2.BENI .ENO1Z oNEoAACOS"IT TRIP)

NrIEA.6oI TO NPII.TENPI2.OENII.DCNI2 AETA-EPTAIPI

AOl EoH"ATTR.AHTENPII6.D.ATEWl2VA,OENII.TD.5RN 2/5.1P
4

512.3/ $ DANLOINETA#I .0I/TNTA-I.0)II
AooNBO.RNORI/IRo.O go: go

C THETA-RAX/ALPIR
C ANN) IF' TIE FIRSDIESO OFTEARTIDRCN RISNTPlTE TAkOIRD.RLoBI(TNETASBTITMETAN2.0II

C: CHANNSED. 00f THEATRY.EOTOCHNGE. 
IIYMUSXS

C HON DHTAXAOIIITREMAl IfNII.1

"1 2N02 
DSOW)NUJWO~

10IFTIT0Os.EB.01I REASI5.2001 IPIJ.JlN ELTA- (SNAO-RO/FLOATTMII

200 FOftA7TTE2.5) S~tO.INLT*T/NELTAD)RN2
IF)RHsPOTIs.NE.I D, O TO 202 RAINS-I

RtA....7) )PTJVfYNAE IJI.FLOTITJ-ITRBLT&YATRW
DO 203 . I.N4A"FI'TJ.S.P2 

IJ.IIA

203 CON~TINUE* ITSN(TNV-SONP)oIS
Go to 204 Do 210 1-2.RT

02IFIRSPO0G.CLPOTOT TSII.jI*.0~
204 WRAITE( A.,A0*1 2ALL SPOSNItI
603 FORMATT,'"IN;. 'R*RO ACE POTENTIALS In %VoBs,) 200 CONTIME

WRITE To.2o1I TPHII).JI,"I MP192*2

I FIEM.NI NB)" 4ITFLOATI ITRIELTARSO

C1AL1 SEN"oRDTTEOI.TEPWS.DENSTE.2SOWD.RSOIW IETA-ENPNS4I IT
I .. CONS.ARGO.IPOIST TAuRALOOTc REI f.01/TIETa- 1.0)1

,I' GEGN.EO.21 Psi1 t.0o/ cos-TAIU)1N12

"A L F." ITEPISOMRPOUDH ATII)4.SVNOSS

CAlL PIO;fOT)SOURDPOURR.TV.N.DONRNO.CNTV 'IITO.
CALL DADRI E cIIO.0

S TOPDOI230 J1VN

230 CONTINUE
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.. t roanC PUPSE
Lc TOMoPUTE HEIGHT AND RADIAL DISTANCE OF POTENTIAL RN&AIiS

,URROUTINDI PLPITSOUD fDND.0NEINT.SWIANS.CNTI C AT FITTING A PARASOLA.
C D'ESCRIIPTION OF THE VANIARIES

ITITENTIAL CONTOURS AEJIJAD A SLACELRAFT UNDER m^AoNETOSPNERIC C ISR AND TSAA A 6ARIED LOCATION AND HEIGHT
C COfuRITIOS. C EXTERNALS. ON

CORIION/CDITTS(66.IBOT.OS(7TI.ST(,66.INIT CO VO/Po /GHAM^IA.ELtNAIDELTAT.TIO.ADRPO

CTIRISPT.(P. P SW -NF.UI)P I.SA DINENSION ORNOPTIN.;R .ADAIISO $1).DMOIIOTSONIN).POTP(IDO).
CONOTTDIADELAO1*LT 1001,oIRA0..PL.9 0 IOTITNT.TP(I ., IITjP(ISo?.jN(INO,

CONCN.IRFIfNO)X LIINOTCN(2A.NC ISCALE =*1.1*2-

E&P"EPLTT 
OJND0

N.NPOISTV I D 400 J-l."
APF 111 TUINS 1.41S.21G..0

DEL TAX-SOUND/FLOAT INP2-I) IRNIN-I
c YUMA flBIRP2.J)
C RELOCATE ELEMENTS OF TIE ARRATS OS AND TO. I RMAS.2

c 0010 403
DO 300 4-1.NPOINT 405 TWUMAXOTSI.4T
YfP6)z. JT PmWNOBF6C fit"AX.1
00!M 31 12.1* YONIN.TSTIP2.Jt

P.- INTP2
IPD.IPAI AU!40 DO 410 I-2.NPI
US) IPS.i -TSIIPA.J)NFAC IF(TS(, I..T.TIIAT IRMAAOI

3)0 CONTINUEPIIOA I F)TtI.T.T.UIAO TCNIAXfS(I.J)
I)1 IF .J.NI TRA (1.J) .LT.TONMINI II

300 CONTINMUE ITF(ITS)I.J).LT.YUITTIN.S(I.JI
DO 320 I"NP2 410 CONTINUE

32 SI.ETAoDFLOATII-IT IF)I IR EG. I.AAD.I*MIN.EO.MFP2:0O TO 400

IFOETAO/DELTAT.LT.1.,61 00 TO 99 IPrNMAO.EU.11P2.AND.IDRIN.EO.I)O O 400

C GRID CELLS AME TOO ELONGATE RADIALLT. FIT THIS USING INTERPOLATION. C A DANDIER NAB BEEN FOUND3 AT ANGLE J.
C C

NPIIINO1IPIN2.A4) DO 400 P1.21:
MP2VAPII 00 T01(41.021..1
M.P J-1 402 ID TTNNA.EO.I.Oft.JNIMWX.E9-MP2)SO TO 400

.22 WP -SPDUI
DEELTALTX/. 00 TO 460
Do I 1.1.1*2 402 F (IRIN .EO.ION.IRAIN.ED.MP2I GO TO 400

KV-I12IIEVN

DO 9 1 .1.N""1N, C
1. TO) I.. J)E*SIDV.JT C CALCULATION OF HEIGHT AND RADIAL LOCATION OF POTENTIAL BABRIER ST

DO 92 41.NPOINT C F ITTING A PANABOL A TO THREE POINTS
YST(2.J),I3.S( I .A.ONTB(3.J1-TSI34 1/30
TS'RPI.JI-.3.VNSIR2.T "'S(.ITT/2.J)/. 460 DINIITSI(I.JTTSI-I.4)/DELTAX

Do 92 I-4.ANI.2 Pj: Oysm DIPIT(11 J-SIJlTDLA92 ASIJI.NTI-.3 1IIJIT(-3J-BISJ)I. PA .D.PDIRMI /(2.8EL TAX)
DO 93 1.P2 RPNN.DIPI-APANAIES(I IVOSTIVITE

93 OS(IITDLTAONFLOAT(I-II CPARBTS)I.Jl-AANNOSI II2-RPANN0S(IE

AkAI'E,.... R OB.-3PAN/(2.NARAT
90 FORMAT-Il. 'RyADIAL ORN1S INTERVAL HIALVED. NW N -,.13) ,D.APANNOSN205ANRSDCPAN

c 00TO T 1421,D
C SET UP EXPANDED ARAT OF POTENTIAL VALUES FON USE Ry PLOTTER. 411 IPINPS-II

C 4PINPBRT4
99 DO I I1I.1*2 RRA=PPRI.EEPEOD

DO I .OfI. "POIT SPOTP1NPRI.TS
SYTTIJ.ITS(I.JI 00 To 400

I CONTINUE 412 IRIN( RII-
C .JNIN0RIj
C GENIERATE GRID RRAO(NNSI*EEPIOAI
C SDEONINR)TIJIIR.o/RPI

DO 2 .JAI.APOINT SPOT NNNSTT
TTTJI.TIJI 400 CONTINUE

2 CONTINUE C
TTTI 1'-W2#tI) IFIIWO.EG.0I 00 TO 421

C IORITEEA.,422T
DO 3 11I.MP2 422 FOINAT//lO. 'POSITIVE * R RIERt
IFI IBCALE.EB.V) OIIERPRI.OFLOATII-)DL TAXI WRITE IA. 429) IIPI(L ,I.SII AOPLI.EPIL.POTPILIL-.l.IWR

F(SALE.E OFI XEN PNEPFLOATII-1INDLTAEI 42f FONAT/1.310.'I.033.RBR'I.DIES.O
3 CONTI#AAE I 'EIUIT1AV) T/T IO.31214.OP2PR*.3. 1P512.SI I)

C 4221"W IFIRSES0) 00 TO 423
C ITIALIZE PLOTTER RIE4241

C 424 FORIIATI,/uIE 'MEONTIVE BARRIERS' I
CALL STANT MAITEIA.4"9) NLT.ILWB) .DBTVSORL...RB
C ALL STRSOLItO..I@.5..5.'PLEASE RUSNT BLACK FINE POINT PIEN IN 0' C
.270..39) 423 REIEN
CALL PLO1I.0.0.@r-3 END
CALL PLOT IROS 2 SISRNUT IME S"DDLE

C C PUSPOSE Is TO IDENTIFT SADME POINTS
C ANN IF TIE FIRST SIVENSIOF D TIE ARMT BT IS CHANGED. IDE WAYS SE C
C CHANGED. ANN COMAO"/CPoIsA/N.R.RSPOTSNoSCN

ID0A CWNION/PIE/ RPI.RPI2.RPIIWf.STPE.A
DO 300 I.O.NCN CORNOR/POT/NSSA.DELTAO.DELTAT.T I 301.RAS.WftOT
CNIFI.CNII)NFAC ComSoR.'RLR(2/PNI 11301 ILPNIC1130 .CM4O IN.ICL
CALL CATOISI.*.TN.TIO.N I.A.N I R OHNSIRSIAO0.0R lSISBISO

I100 CONTINUE C
C C
C 

ma10 too 1.RAROED.fflEIIII1*216DLTA.6.SP A J0.) -Y3JV.N52J-.RNIII1.NETSAA
BIZD.I1.0 .V341s
CALL PLOT(ARNBER,...3) SF-k- I
CALL PLOTIA*NWID0.JTSNSIE.0.SNSIE1E.2I FSCTN .
CALL PtOTIARUESV+O.3fSIE.WBE.3 IFIN.S0 1 0 N
CALL PLOT(ANOIFNI'0. PSANSIE1..25"RIEE.21 DVSTCJ I IPN IS-P"14 I 13.REL TATBRADI
CALL PL OTI4AROE 4:.YSAI Z..fl1ItE.2) 100 COR IWIE
CALL Pt OTIARNE34.3lSIE-@2SSEE2
CALL PLOT I &ROMESO3750 IE.-.SRIZ. I IEIA.0
CALL PLOTTANOIE.0.0,21 00FNO!ATI///IO 'RARIALELECTIC FIELD AT TIE SISFACE IKEBTER')

C 700 FORATIIIO.1P12.5II
CALL STRDOLIANOHD-D.SST .2SSZ..2BIE maST'..03 RITEIA.SOA
CALL STRM -. 75SRIE.A.2SNSIZE0.OSSIEE.'SpACE-.0.0.A 1300 FORRAT///IO.'TAIUESTIAL ELECTRIC FIELD AT TIE SISPACE'.
CALL SYMBOLI-.2NIE-.PAIDD2NIE'NTO@S I. (AV, ITERPI'

C MSITEI701IVTJ..I
CALL CIRCLIRP..T,..O36B.O.RP.NP..I WOIEIAS"0

DO I.02 I"I.=2 C
DO 1V E*0'OIT

1 R ONTIN uE 0(f22
BETURN DO I ,.IND DoI I1.W
qUDROUTIIE TOURTIOR~..S) SO, I. T.9.

RAGNR.TR I CONTDINUE

'$..OSSI " RAPS, DO 2 1.2..*1
N.VSA5COSIRAPSI A- PITShII.TI.1-,..../I2.DASRILTAOI
o TURN 5r1.41.

INS ~~~if),F.10.

- ~~-A.. -
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tIS I. :- 0SCISIIC.0F

LTAXSOI-OXSPT

I 00~ TO

C IF 8051 ::O 2S5050M!PI0.A 13

90bf 00 -Der 90

20 CONTI"S
C F INK I0 SM OIN Ii tw

C
C C-

I00 TO 3.

IF4(!0. .VV.O)3 w.
10 20 33.90

C
C FIND ACCURAE LOCAIO OF I 901tt P18.

C I 00 0 -1.1
00.00.3.
MIF -M"0"', 1.8

C

I0.MI+3 .00.O2
JIY-91*5 Ell " .J)40l10X5J)L.--MSt.).TO0

100 00 2 4,1)LO
Aol A# I*1 3a.0 .0EL

22 F(1.0.0I SO TO020

100 To 23/0
AN-+1 .041I

10. 0 0 To 24a

1051E.0.005so0toi0
AX58.0I IP 0 J5DSS5055.OA~

008 90501(3. 'A I93?WlE 0 U~22'Mi5
907.2.' 9350(55 .73 OITI.S) .P 25
mAYA:Y muj J, EITI '043

IP(0. LI 4. 8 50 10 2
398hs13L1550 IT 5P.1~l09I
198 I0COLSc 3i P00005180

20SNAM.A o" ~

CALL FOM19.390 ZP ;F~t@
XR lms UT TN I ML:23

I 95,PTKTALK)M90IiIZIE.O 90013 SP41

CI3L~os2/P91 118.I01 TO 20 80b5,~
C.L 1985P05.D.2 .0150 IS

C THIS gUM 2UT .M SETS3 NR01 ISRIL1 AUE P1112 .... 0

C 1nA3 ASE 1101 1 0 9111 M WA I SW
COPNWg IWOp limoo

C

A 908 II
If f 1:o830-04

P'OSb-
If18800 HI,,f99 414I4 "

Ir~~j~~oZ.&. "*A.-',ig Pllp
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Appendix E: Listing of XYCIC

llSAU.-105111

06II-1F0 JHO NSI11 )

11.0'HI~IS loll .14-10 00111115 F0R INS OPAOJ IIICI l101 SECTION

S0hI11 I=

a, ICO53.531. 1c15 2 1D0 so 1.2.161604

C00 T5I'( 40)."l0OD09(L( .N0& T0010.l.L01. NN000I0 It1J 1611I10111/
C060'00'C*1l 1..1' 50, CN T ISC06IC'9IIOW 1 1 3,.1112 402OT6

COMM, C11 C 400l.I S*Z 0 321= X "-M S1*1SIL NOOW. NOD* 1 3M.KEL 10 4 OUT 141. 14, "11I NN 1- ,' -
012-02f 11110141 :11 "WWI:.aI;;;AC .-e, I .......

15 OWN41.11 CM01441 .1)14.115PX 144. V4) 
1
p(l41 60 &KLUO.3) 111).1(1.001I.
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3O(N.fSW(8wI.j,.2 IF(IST8.E0.!) so T * 52

DO 25J-1.3! 
ToNfl8

2 (talk. 2)85W

3.F.181.A4Nq0..O.J1 00 To 340 DO 350 8-!.00*
T F(J.OJ3 GO TO 70K-W

GO TO 280 0.2!ON!33
270 8)8"2 30(8.3)-0I8018(8W!(
280 IF(J.CO.!1 30 TO 290 IO(X.4(-30(K!.IT

C 350 CONTIOUN

31(35T8.N0.1( 00 TO 292 N"NW
to I130(-1I( I10(.1 (-10408-1.2)

3O83-N3 .*1 ION510N2(!7

GO TO 290 MC OWN(11.2.I(841l
292 3O(N.1(0(N-3.1(+1' C

1:N2-3(-.(W* 352 8481W!l

*O(.3(lO( .21#1 ICW(0T8m.1O.4) Go To 355

31(3.81.33*00 TO 307 30(8.!)-03088(!
NCO*(1(I.2.1(8 kO82-O(I48

00 TO 302to 3(.W( 4 8R2
290 IF (3I0T8.C0.*( GO TO 306 8C0(W(!!.2.11:k'

3P(3.08.J!( 00 TO 295 0142
8C08(11..IIW 8162-1

"C068(12: I*!.(O(.,3(0! 355 0360 H-1,.42

2953 DO 300 M-1.141 83-84*8
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300 CONTI=8 WC (113.2,2)-K

I(.EJ)00 TO 305 K-NW1

305 8MW)I 30(8.3(-018.2W3
30(8 (-30.(8-3.!ITO! 30(K.((. .3(WI-,,+
10(K,2(-10( k2(I
30(4(08*3 ': 8:'1' 4-M3482W!
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30*8.2(-!0(8- 20 C
)O0 .5(!0(:3 .30 M48!0242W3

310 J.MITI= 00 TO 315 "I.W3
8C08*!.22( 8-840

30(8. (-34148-1.4) 10(,1:3(0k-!.2)
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8 1 * 3 ! * .1 0 0 3 0 8 .2 ) 8 ! 3 1 f t (
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333 0 120I A,.8 108).4.2*-

800037 33 )NEA-RLOUT I
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1541. 7rom110iODAIL011.LO.if 731Jff( b

no to ..,..STOP C08118O110111it.C119l.1

I 8.iSTAT.i C0811011PL..4A1.A2.AI.D(110.AAi .442

3112,i'.i8.,iI' COMM1011,L We 11.11.11.iiZZ.Z3 .71(1

110 C01woo III(MS1ON MACI
CA^LL 1l(C:2.LO.3Jn8.25A.8tT8AC511SCTl DATA 11A1V'211D.244,A1.282

CALL L (80,2.0.00223&lTACS*9ICTI C
IS(CT-ISECTT4 8111TEI1011.99

ISTA1T.85ST " T0828 9 FO9 (8T(1/20 . .5x. '0111AT' STAR IS .5X.20*.
100 CONTIIE C ALL (8(C(8.MAME8'$

1STOP25601254 ,113IS(CT.0 BLOCK DATA
DO 200 J-1.2 C 88011C115T80801TE(11(80

8*302 COiINOMC11T2,8(S8A811AT11OD.1AXELI E. HOOFS.N08INS
iSTA""To0 C011108,C0118,1C81.1C01A1 11.08).8C(010.4.4'
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88ISAAT8258C2(101.011C3 115 .STSIS583 85.S3D480).STDIoI

88liz.oz.'IIDII5(15.S(15.81818(13.T22)

220 CONTINUE COMMION/ iDAT LIU.O 1T3AC8

CALL,: (0C2LOIIVI20ITACS+IO.8S(CTI C181SOLO/L1S18.8OISS.I3POTft8(3.C8008
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280 C011T1111J C01880N111./3Lfl10838A8* ;MV11i.1.1.t.31(

200 CO11TINiiE C08*08,3L118,0/D01.1Z8 M1122.113.%CTTP
C DATA LII11OA.LOOS/. IT3:ACS'O

DO0 250 8.1.8801880 DATA W"0A*// MXO K .111 o/' 13(0
838 I+8 I L S.11 (3DOTNESMI

250 CONiTIN1UE 0118lL10AIS.1121113218181

Do 240 J1.8.185888 C

IOLUII81281.LLd.J 18.1-
BS018J+ 92 .L 180181.J) 111t::I8

240 CoolTI NU( I 81.891
C ALL (11(C12.LO.IDUI,256.ITACSO2.311 2 118A18.E.11181 GO TO 3
I PRO 18SMN811IIijMO 8 JAIX

DO 30 1.1.~ m .8111 A 1!.11
DO 380 .J.8.31101118 0331*81-12
II. I 1 3*1I.3008

83%211.1 .1 IFlInI.L(.81 GO TO 2
111.0.8PM L11 1, 00A!EI TO 320 3 1

IF8.T2A 00 TO 30 I=D

320 CALL (11CiZ.L.81382.TIC1.1C 1 D.

CALL (0(CI2.LU.83WF2.26.TPACS+13.ISECrj
I SE C 18SIEC 1 "8N4
M-10

310 COMTIMIU(
300 CONTINUEJF P14

C IMEWAI1MA2.OI

F0 (0MATI001'I C
STOP THIS S/P FORMS GLOBAL MAT38IX root POTETIAL SOLVESI 1111
(ND C APPILIEFS 301183 CONDITIONS.

C(W1111(A2/A4056 I. 3114091 I 8 1328. 111723110 ).Y1013540 .
181082340.41.TWI121.31C121. 83(582I . MC01111231.
211(0118112 1.8"COMM,23* .1CO110i5d

C0MMO1/CST/11EW11.IO MDA(LE.110371.11D883
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CWW8110t341W 1 ,251. 83W24251. 80A1251.8004231
C04111/IK6/ IA8 .^.3. N(11311.18.12
COWLIO1/K/11083AV.18.*A0.II.D.. 2.15.3..J.11.1
COlrAdbt3L13N1OI.110118 .11.2.MCTT

108(f~1000 AT0i2SUi.308l-2.12) .30A2. 32.11A1E3

ECUIVAL[MC( 410.111
DATA Pl1'T11281g.8*A.2112

C
ml YE ILUM.998' 08T! 8118.1120

F9 ORMAT 4//Zo . '.511.

8(18A11c.0O 00 TO 333

DO .31 -*38(WSNA

118.8"".."1

DO I* .11.1

I.Ol

1181.4R K I .It
if.80D 1110.08'Oto.t
m'8.6081 I-...80HA
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CALL FELAlT F09E.1.29 z 92.990:+.Z
c250 CONTI 40n TO 340

CALL FCLOT 901.499 9A(4.L.EL 9T99;9

9130 CONTIWUE I0AE.2 D9A9.A9Eo9T94.99

C OF (M9.L9.ELAT99.949

CC SF0999AT95X. '0. .93.50. '904.:4169
00 270 N-9.NVAM C WRITE9(LtM9.5099 9(E199*09 J l.41.49.1194)
119.IA(N) C 509 GAT (94E93.59

92.*909-IC CALL FILE
.00999IN099-9 C 90091949.,5699 .4(499...4
DO 280 149,1 C 50F0994AT9'90.'.3/(9010193.599

99 .9 340 COSTIME
90944 1.Q.09 G0 TO 290 330 CONT199

.90 CONTtNuE ITE9LUN9.732)
W99T19LU0980) 732 FO*9*19'99 999*9

090 10999*09'199O 10 OETECTED') 1RTE919J9.7339 9
9

9D1A99.L9.L.9 .209.04.29
STOP 733 FORM199090113.59

290 1199.4.9900TO27 91IEM19..7779

4.699 99) 1~~~UNTE9LLM.7349 910L..929992
93990973. 194*AT99IPloci3.51

Do 300 9.93,11 Do 9000 1.. 410W*
10.93419-9 99.9*99
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C 99900 9 199 IT 1*0LA 99O99C*T1M0 THE1 TYP1 OF 9099909 CONDITIONS C STOP

9901 099OS 19ME OUTERM"OST (90(9. C o To 109
C 99000.9: P999.0.4
C 99990029 "999.9.7 590 oO909T9

C 9119 L94.5409 K.9A41199.99.649 
0.9949

333 9199990T.19.99 Go To 590 Do0499 9.909.907

O(94.*909T92.0 90JP.GT.NMD99 90 TO0690

r D0 330 .. 690 £99911IME
90 330 0;:;2 600 CONTISE

990 91999.5679 M.99.012 90 650 9.994.L490

1.0 IP2I9999
90 34" 99R.9.2 Do 660 1.901.902

DO 356 1-1.4 WIN1.1,1M01

910*99 9.J9.0.0 660 COTIStE
9,0 (0099 I9.1

90 194 99-LAST9

9910.,0, .19C 9. IN

%A961T 9.94.9 9990.G)N '4A(99 994
970 9900099 90 '90 .9D. IP9*0
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60 To 230 370 CONT INU1E
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* IF'NCTYP.. 22' .D.ICIPLE.141 NITP3 243 8-1 N I
IFNITP.EO.25 021T4 I04231-260l51

fool " I4-NON~iII C
1.20 CONTINUE 380 DO 390 1-1,7

IFINCI2 OT.NNTP.EO.20l 00 TO 300 DO. 30 J-1.7

N7NCTTP-o-TYP248l8 T4110.1 ELN4TII.j,.4N42NSXE2l(l044280TE2144lN22.0-A3NONE2NI
230 DZ2-NZ#IINZ14*0 390 CONT INUE

NZ2NN.ZI2-NZ,384 NND- 7
NZ3NZ-14 ,5-N2 1/404 24N2.02

IF4Z.EO.2.ON.NZ.EO.44 GO TO 240 10454l-OINI

150 60 TO (260.200.350.300.4t0.470.22TYP 000 cat FILE
200 "V004 360 CONTINM

Do 170 N.2 e
No 420 L2NOm 576.0
DO 18I -. - 82-
DO:20 1:.4: 

Ml 02 f.
flDo I DO 20 R

EL9AT(II-44NSX32N4N24.04442N0T84IN6*.0N3D4232 IF(N27E.4 0T 3

IN ONTINUE 442As*

20A4 4100IG(NZ4) 430 442-42
I2GA4212604151 M4-41

1045-N-104N14DO 450 J3..
CALL FILE IFNOI

270 COT INUEM ELNAT4 .I .4 42N00F8104420TF4N22N12.D-43N8414N2

PrTODN 450 CNINUE

290 0(808-576.0 200252-n0.4

"245 
DO 440 2-2.4

1F482.EO.2.04.N2.EO.34 8204 1-0022

DO 200 0.1.4 200222 1-22+-11/484

60 TO 1210,230-250,260.111 440 Coul"

c~CAtL FILE

220 DO 220 1-2.4 420 COMETI2N
Do 220 3-2.6 tE TUN

.. "+I c
ELMAT(I.J- I.34.4A280t44N A42N8TC22N24N22.04A3N88C22N4 470 o(600034.0
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206 NINU
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Do 24 3,4 cAtL FILE
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200: 4-0082 TIMN242 FILE

264(41-200(64 22250429(5223(52 1DC121 .8(024 2282..

G0 To 290 20UCONUT4 2212.8(208282.N0C0N14-541

-50 442-42 CO22NO/IOb4T430N.rLU. I 2:8(

7.0 = A C(022200,MMI6/AI .42.43.KAIVNN.42.42

270 043 2810 I-4.5 12021.282
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PCT IMSC ' LM 33)5(2 LI 1.8M.MM

1 "" T112 7,C2IIV I'OM6St.S-V-1.5a
I's a WMD. .3C10

JAU16 .2 IS2AATAO
6441111I .vL TAC211TAC, SO

112- COSTWA 12O STOP-JSMAC 2 06
IFIM.CO.0l~~ 00 :020N020..STOP

DO, to1 I 1l00 DO ISO 00:.22

140111(1) 16 211.0 ZSTATO IMM

11 ., C IWTE21 CALL EAECI2.LU.13252.2.TAC1.2SCTI

ISECT.1SC12

IFsoeA.mT.jN 0 00 O 20 21120.41..0 0 00 To ISO
II1,.aT00) OT 2 OCT.0 9M,.3.. I CoTes

1
21

22Vaf.L.10,01 GO TO 300 C
110 T0 IS0 ISECT.O

220 DO 2 30 n.inI.MM143 11T*AT.0
11..141, 1TM4C212TMAC414
I1.2.0 Do To 140 Do 270 0.2.50009O

193212 100 COSTINE
IF "" P.0 00 D TO 29" CALL 10C2.LU.35A.ft26.ITACK.ISCTI

,50 DO I"O2. .5102 2 TIIICT*
2lIA2J ISATSmESv TOrsrn '

Do 190 1.392..92 21222032M241.NC.02 00 TO 170
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1 00 TO 130 170 CSETIME
t2, C OSI cISO Co.TIS2*1 C STOP-(SVS42 2/1I2392

I F2f0*229T.10.0) 00 TO 2"0 lStTRo
a9" 00 200 K21393.9224 I SECT.:0 2M .2 .41 33 DO 200 I.2.51269

212.12 05MWDO 220 1:11.222
A512121.221212)220 £352111.A(T21

200 OMIT HIMCATLL
200 (062325ICM (A1C12.LU.132512.ITACS$34166CT2

DO 22 0 21*61.MV ICT.ISCT*2
9 ...... 

ISTATIST#262IlI.22.02 1At()2122515T 200 COS&TIE
220 CONT IE C

IF(I*2P.1o0) GO TO 300 2WECT-0
C I START.0220DO 200 21.2.0 ITMAC21.IT3ACS*35

.1I.2A230)KI 0O 250 .!.55TOP
DO 250 L.392.*P2 HI 260 2.2,22
LL.L 2 I2( 2.2)2TA4
39-JAIL) I 1352(12.3CC IWTAAT+I
19239.C:01211 10 TO OW0 356221.1CC 2TA67,I2
I " , .. 1 GO TO 260 260 COWNIM

250 COS IISE CALL EIEC(2.LU.I325I26.ITACK.,ISCTI

00TL.aL20 CM.L X0EC(2.LU22216TAC.OC24
DO T 20 CAL 11CC2.LU.35At.25.TACA.261CT62,402

20 270 L&LL.JP2 21T.IMECT42
LI 3920LL-L ...T.....IAAT
AR1L2*11.A*2L1 2 5 -oIlOJA ILII , (2A2L C SITC(11S.9722 C..I....

270 COT I C 972 9062r(TU2W/425I1)
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212 MAILL ).4(LL)#4*O)211 15TAAT.0
240 COATME 335 2(11.

D0 To 340 
00 3505 .50C S0 360 .3.296
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IKir115, &UIX21 360 11=5f
262522211.5 CALL 10C(.UAPS,.256.T6C50236. IMCTI

3)0 CONT [IAS 2C.2A1 4
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C 250 COSTIOE
DO 320 21J.2. 214 2P0i61OT0 STOP 0002
k22.135221 If2915.ta0 COLL £0(C(.A2E
2191421 -I SToP 0002
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as to a FAAT'MTA122512)
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(IO 333HC4CP3'3 ,12 33.714. T5.(T6. TS.L4.L9.NA4.93NA.MM93 333

COMON, C33UIS, 142.0%' a2.9..JOS. JGE.NV JSE. JEF.V41 .PH3.PHN3N3. 333333

C333330R3C(3333CCH3 3I3. 3493R4333m1
Con03433CHIF h1.3:J.J..2." 410.COCP.3RATE. ofN.319. JD..CUT. CUT 1933333.12

CONN 03CLGII!,F3. F 5tL3TL2.7L3 3TL4.V3.V2.V3.34.V5. 3F3333.LE.43 GO 70 2
I3 NTTP.CA 3(4 I. TPE 33.330
COMMON 3CftESH,DX.DV 3F33.LE.N33 00 TO I
C03333NC3353,3333S330.B33T33.23.943ST330.2 RE TURN
C03303 (33324(543 .3340330RXMXNO.NA340E1E T3003 .330033.33E10U133(13 END
C0303033,C3333,3C033NL:C033434.483.4(0493 310.4.43 DOUJBLE PRECISION FUNCTION CR31303j
,03333033CORB , ME TP.4"EAT.PCT. "IN3. PTS. KTAP.04H4.33PTCL C

ILPtCL. HCk.303.J0R3..3033.P3330. IWFIT 5).TRAP32.7) 3 .. PURPOSE...

C D3O"CROT, ACURCY.DPN3 C THIS F/P1 CONPUTES THE C0HPIEH(TART ERRO FUNCTION USING
C 0""304,CS3G43334.433.3334.4..133T23TP. C ,30RDRBTN C33EB153343 EXPANS3ON.

3 33(0.3OL03. R'AL .V C
COMMO3N ,CSU/S43MG.3SN12.353N@332. S NB32-.41W3134. C .... DIESCRIPTION OF THE VARIABLES......
I 3Su.3 C

COmWON/ruTG,4hCuT35.4 .ET. AC~t33.NUT.CUT333R,CUT3340 C C(43 1;CNEBTVS3EV P03.TN331415
,COORN,CVELVLEV3 363.34EV.30.(03.01E31336.03EVE3 363. C,

AM"W. NEE3303.C0(3E3303.POWERS SO,.3D03STF(23 DO0UBL3E PRECISION CCNS.CH9.R.T5U3
2HP4RTE.N9033 34 COMMON/CHESI/CCNB333) 3.3090(3

C03333nEE0393,CLt04.W393033.UP1F 3.3*3.0LTF314 1. DIMENSION CN3333 3

(3T3430gn3T33.3CSEC3 323 .4PAMC C3438 .NPAM4-F .HI T.NEHS. MHE, T.30-3. 75D03/3033.75003
IN 3NTP.33SECT33533R C 3333.3.000
C03R34.'033GtLLR3.335P0T. 3CNTRI.3TOUR. HER. (49323.7

CN01 303IOATLM3.33.U2 .L;,IERCS.RRC33323.N3TER CNB333.2.ODOHERCNB3I-33-CHI3I-2I
C0ON/N1PP0./T3. 443 )3334 353 300to CONTIIRS

34094(C33 I DO350 1.3.3098(33
C03333033OBJNOJCT.33053.C60031(.C00035I 5UM0.5383CN93 I33CCHRB3 1
C0330RN/OB.32/N3*3323.3*43353 .3345P4 ISO copNTimmI
C OnfNMPt31TIPT3A.353 h403953.10ND3323 EIFC*SUR/(3.0+2.00090399EXP(-X*X)
C(03N3,PWASL343443 343.123430433335 RETURN
C0333304P5010',3I0SY. IP0ISB. I BOT.RD(BT.EPOII.MVOR.S3340.NBC, EN9

34038.3399133093303308N3.3081333FUN3CTION 4TTR300.03
COMHRP /393 3*.9 I3*33.12.1093 .10933c

(033/SEREH/TA B EC.0.83343 .32.93343. 70TE.W.334.LC330 C .... .PtSPS......

I I , ", ,9 K335.0W23 I51.P3(IS)3.333 C TodE$ F/P COMPU3TES THE FOLLOWING0

0ONB34I34533253.33W21253.IP3 1253.B535 7R1.3F30293R31/. 0 .
C03R394,1.1334,333.O.DM.233.9493.032.93393.NB4.N= C -WHERE3 P303.2.0/09T3P3HST034EXp3-O EVCORT3O 33.
C034303/33.33/NO.43.43.43.31.IV.34.JD. 30340(443 C
COMMON/Bt33 S L.LA PN.3E130.343.WT DOUBLE PRECISION ER9C.S.T .sm4.10P1230I
C0330.tTCOMMON1."W"253.9... . :33.UX32.33.4403343., C ODTA SW312.H330I/3.32837R~0195S 33B.3.22692SeS2o5f0-1,
C033330/Bt32/04203 .4433203.443203. I"( G430 o (3.04
13333339 334333M30 OT30 3.0 %0)030 TO 0

CALL. E0EC3B.Nam43 I:VB1E3503)

to3 $4N30RPIZt2HM$XP3-X034E3FCIT3
330(33 9474 00 TO3
DOUBLE I PREICI SION CCN9 20 I(300.E0.0.03~ 00 TO SO
COMMON 3/E4CROYT.lT.J 2. 3X.TM33M.7MAX .TMN.I* T2,lTX.11. 3333BT6.00 D To 4
I .3.3.J.jI3 T"BB3E3503
C0333300CCPT/IRI 3943.3092.394I3.8334.94311 S.THT

C033330NC0035/I32.332FL.0.J1..fl(JF.30..P3F.PNENI. RETURN33

0033330/CHEB/CCNB(33 333098(3 METUR
C03430/C3C3./I.J.J3.33.J3,4453.C8(P.:FAT(.;E8. I.JB.CUT.JCUT So A 4TTR0043H09I

CO3.333CE3,0/I ,.; 2.P3.P4.P5.T13.112.13.1.4.3 .02.03,04.05. 40 47T30.O
'3433. "'So(.P RET:no

comrAon/C033/33c0343.3c0N4 4.443 ."COW"(3 30. 4.43

IIPTC..RCHE.I093.JORBJOPt.P39 03PN335.R427
COU3 00 ,/CRRT0,3T 4 032 .RTR.TSc.RTC#3TP3.LxREP 913

c03303/53/33SI "3(I &,3.AMA*(3 343.31U343I4.03T33.T2.3It3ITPE. C
I333(0.310. * I33.Wt C THI4 C093R3.1 'NYCIC' RINETREAN.

CO333303,CUT4/44CUt(5.4 i3 O4EM 3CFL3.3R0333 CUTR3N.CUT44X CfL'W3 R3 '13*3 .1332.3.U. 3 33C5.33334C3323 .3331(3

(0CO4'0t0.E(33.3(.1030(314 0.0E 3' 33813033 4433(OPE333 .3343321 '7.3303 ME33343343E3
33310OfR4faE 30.O(I(03P0HR033.335(33 NAME 3334333.3H83333f5.33~5.e3

o04330444 *RHS(33'.*3.343*3. 3343.335433 *M 3 1'W 4WI2F.23t333H. /.*W4e62.300.23303.IN

I.3333.3. 'cc,113433573 3(4U"3D.3303L3.3TfEB

3333333333333033,333t3334.SO33I 00 30 
3
30.33.33 10.0.23) 0.2l23..3

33334333C 3(433 4I3 a N(55443T4..
r3wTNH33 33P 133F.3103C335.33'5 30 33 .3
33I. .33333 9339 ""I 3P75.334 33 333341#3, 33 9 .- -P533*333( 5fl39 .5m4.o 0S
33I..33,333I*3 II 39(15.333>5.33432 3(37313

11013333334. I.333334. 1014 oo.3,S.33- 3433.- no
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10) 40 flI.O5TOTI

', 1)01 ) CALL EXCCI)UEWN'..N "A[..SC],

-l" A,).fII 4)%I)IQ050 I'.5
A 1. 1 SL I'M IN))[ AT) ISTAE)TTI).RAt),I)I

I IIIAI1..GI l lPHS i.1..b I TM) IC rICIT0

ASIAAT.ISTART IrA
it.,T IAL0 0( ')aT[S. 40 COWN11"U"

"0 I T N I T O. . I CT I0 
I t N . 5 ) T I . I . U

I t )0 m"Wa. FIMISIITO READING SOTITOCE POitotAlts.') [SECt-O
1a, To 2o [STAN TO

I DaO 60 O.I.NSTOP

SE IUP INITIAL GUESS FIELD. CAL L IENC).L.: %026NOCO9.S))
[00 [(0)4)0.4 CALL E :C[L":JNx R256 .ACf )A).IS)[ )

"144). c LMCMII4T DO 70 [-1.256
A50 OO[ILII.5 )A II.ISTART+I
I [) 1011, Y,)". FINISHED RE405N0 INITIAL GUESS.') 1 )CIfl[AI

70 CONTINUE
IENOORNMMONENNNONNMONOONNNMI ITAISTOAT#2S6

60 CONTINUE
io0 11T70.0 ISECT-40

ATOUA0ISTwR -0
I'7 0 0525.0 DO 5o N[I.NST0P

A~ 5.0CALL EXEC(I.L U.9140I.5I2.NTRACk[Y).ISECT)

SMIT14LUNII1 C0000 A. 1. 256
III FORMAT/- 0 .. S...TARJOR ITERATION ST#ATS.'.50.20'N'//[ VOCTISTA11TOI).NIWR[I,1)

C 900 CONTINUIE

,w [40 TO)20000.0.2)KST ASTAAT-ISTORT4256

. [OISMTU [ 00 CON TINUE
[TEN.ITER0I C ANT".E)LOI.73N) NEC

C 730 FORSAT'IC..
COOAL POSO 9010.C 0ITE4L UN1.739) )ISC[I1).I.I.NR1CT
205 it .5 C 739 FORNATI 'C'515p)

CALL IMI).NANE.ioST C WRITE[LUNI.7451 (JSC)I).1.NCT
C 740 PORNAT 'JC'11251 5))

CCONPUTE POTTENTIAL NENIVATIVES. NOA A0 1... i

210 ICMTNA6,X. . P1CCIA,100N

LCOEMUTE CURRENT AT PEPP' ANN ORGANIZE TOTAL CISRENT FOR SECTOR. OYt)T40IT-SC)I)POTONC

Z,20 [CATI? [00 CONT INUME
CM) EE).A7.0i C MAITE[LUNI.753[ [AT(I)110VAI

AIRTOP4EA 0N00/25642
COPUT ORE CT:VE"FUN"CTION AND RESET NECESSART PARAMETERS FOR ISITTox

NI) IT RT. ISECTOQ
210 fCtC NO 12"0 N':"ITOR

CALL ISICN.NANESa NO0 [20 1:1.256
c OU3143( I-POT) ITORT5)

Clark CPU 17 PER JITERATION MND CCUMITARATED TINEIMI SECONDS). [20 COMANIE
240 CALL F)EC t1.JTIME) CALL EXEC[2.LU.DURRSI,TRAC[II[.ICTI

NO O 1.SISTOATISTOAT4,25
NTIS)~~~~ I -TSI-TSI SECT-ISETOA

500 COST [1,0I CONTINUE
CPUT-AI ),00ATI)3)60.OATIEE(441440.QNATZIEIS[ C
AcT I6act I IECPUT C 00 1O[200,3001.[POISS
ITRAC-NTACR(21). C FOR SOR-EETNON.

IFE )TES-t A3 C 200 CALL E0EC(U.NANEI[
I-IER-SECTN3 C

CALL EX0C)I .LU.RIWT.4ITROC,ISECTO32) C FOR ICCN-EEETNON.
AA5111),CPUT 300 "STOP-ISUASOI /25601
CALL FEC)2.LU.3W.:64ITRAC.ISECT+321 [SECT-C
CALL IMIECfIL UW.4IAAC.ISECT+64) [START-O
SI).& )A lI"S NO 210 M INSTOP
CALL EXEC2L I Oo6.I0 SSECT+64) CALL ETC.ALm RLR26NRCKA.SC
SITILMEI.ICIOTITER.ACTINE.CPUT SO 320 1-1.256

S010lOTONAISO.9* OF ITEATOS.135,'ACCUMLATED TIME-, IAITAT.I[-IIEWlt4
[P01 IN.S.CPU INE'.Fl.I.' MN'[ 320 CONTINUE

IF#IORS.ER.I[ 00 TO 5 10 NO 340 1*256
C f ACENATERT TIME N. EAEEE T;IELST"SO ENA.SR[tAISOTI

IFLMI.E "lA SCNE.ST.LISIT 0 TO 60O 340 CONTINU
SO TO 200 CALL EXECI2.LU.SWR.512.NTRACEI7).IECTM2[

C ISECTI1SECT+O
C M"s ITERATION 1555. IRTART-IRITOT2S6
cNRN.1,1FRMMMRMAOMMAAAMASOSOOMANSRSRNNAN 310 COSTUME4
C NSTOPUJPfO/25601
SAC IIEILIM.120[ ITSACNTIACRISI
020 FORMAT[50.'MOVIAAL COEWROECE [HAS SES O11ITIEN.AR'E ISE T-C

too' 00CI ISTATC0
6400 IltEILW! [.0030[ So 350 N-I.NSTOP
1030 POATI. RMCINAE IEtA EDSES THE TIME' CALL CEd IEL.[O 5. TAE*[ET

ILIMI.NNIACUK"E TIEH D o 360 1.256
STOP 0002 J&4(ISTANT+[-IREWRIII

700 WIELNt14)360 COSTUMEU
[00 OSSTIO OM*1O I ETECTEN. .... STOP RUSIES THlIS ISECTIETAIT

I jam ' ISAllISTANTO256
STOP 0003 IP(CIS2I.EC 8O TO 3110
JEW, ITRAdS-ITRACEEI
tSo" IECTONI

350 COSTUME
C MITE14L101.753[ (POT) 11.1I .NUIMMM
C SITELLNI.753 JWIl f.JAI

FAR4 C N"R FORMNT['MSNNs/135 ASIA
AN ONAOME3.CA C 47 I[T[LOI,379[ 4EIA[I.11.IMI

PACIARA SOmVNS.ISCI C F7 ORM AT[NNIAOM',E3451151
C. fIF(P011.EN.20 CALL ESTEC)A.OS2IZ
C ISIS S/P SETS UP IMAIASES,1 EDICS AMREFNED TO CALCULATE I TRAC R.TRIAC01E3I
C POTENTIAL. [SEICT-Co

CnOS/WAEOA./IN[ 256.41. INOSR[2561.OfTI2SAC[.ATE2560[. *S400 N[ATT-I
[ITSO.A180.NON2ATCION 10 A26 . CELEI I2SA.cp", 126#. CALL 101C11.LS E.1. TAR.SC
ZCPOS I2t.SEI 111TCSCRIW.CRK128[.COWCNI [Z). - 4TO11.5

OO~I0.S1TMPI2T.IP42[.SSOTMT TE646I. SIC CONTINUE
aESC6[TSCAISPSOA[WOIZ[IR 21 ISECTISCS

480050111201.S$C[NNIT2A.NCKI 20[:.CMEWI1201.SCOSST 120. ESTART.IASMIAN SO
75551 2STEST~lE21SSCTI EZR[.COSII2)Nrt.NPA64.21. P 4N1310.("12[ 0.0)O 00 TO 400

ONSIAST:M [).&P4IICI )RATIN4A*CPISI.M,1CSAI2SI. AIIRACO.IT;RACA01
PMNANSI 101.CCI E2:IS 123.10 A 21SIP I2 ICTC0

I T iE~ l500 [SIN: APMIS.: ISPOT.RRMIT.CPOINIIMI.NOR.l.tNOV. NSTW-oro imDESI

TEWSO 51. %& PC'2S0.Z561 ASTAT

ETNIIVOE1 MIN I ES[0.IN A . IR4' .A %50)MI,4

C~w :SI MOJ-1.M
AIA IT) 11.0-11 4"'01

Sr E*N['0. 50 50Efl AE ... 00.S)11-.10A IR N)M
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IIAW, I.TAI!I
41If w . . 1 1.0 to I ( O

9*T0*440 1. 1 OE"-

1*,, L .0 ffTI i3

'00 r C423T 002

.DOT*o4* *0 PTgO 40 0E"R

*0' 78082.2*. *4.S.L2. [3.*

401034R*
454 ~fl (4140.8012 *Ft*02.O8 1.0.3*L410A0(.2- 4*

STOP~~~~~~~ 39T48l fT82023OT4*442 23S381 .22
S...PRPS ........ E EPs#so D-qo E,
c DO P10 KPO2TIT.&R

f THIS SP SOLVESEPIS48HI EQUATIO

.,RPC 1,SEM18.DC1!'C 42) POTT 2O#,AtlOI*O848fl*O )0P tf9#O(' -
.:).PSEC~f129).C~tCT(I_ P0.416) 2 S *860 I RI SI4IL~

"**0 44012 T2- C0MU40* ."O. (,0.8*2(19) CNN n .FP-P*ASR

COwC02001030O 2560M.4 * *0008*2362 .01T2560 .02 25602. IF*J.1O.4.1888.T .1.00 5 5.

3C ODA2 / 0*.CPOO28.SEIT20CSN(C42*.PIErn2 2*(23 21IT*.23*
4*0**21.9592V [SYN.RIP4IS *232.P120.CO1SE0*8*458E0*842. GO 68*0P70

50S024.250(4.S.~0*84.300*322.OR *282 P0T28.P0*000F(0800(
080847*22.C00*22.15 C2*322.0C2*26.0030122.EP.P580*R52*

'02TS 2' .0(2*T1 328 .OSCT 22).C0**1 38242 3 OT~I
0882*302~LOI)A~9)P "*I30.462 301C642.PAT*42.OP*32).0C82*22. 8843
924C02138423*COC42622 (4*22*11*4*d2.003I4*28 0.04

EQUIALENE C 1*22R7*2WS*1.,TRNDTIO2 fop20

2(GO82238038L.23
COltmo0, P2O.',5X,0.POS. C Pon THE1.1ENE.W480.EbDGECOFO TO 36

0*5300 .*5/SI2.82522.C*53.0*238843 *PT1-283)9T0**A224020*02-2
3000.00R.00100.00*0.00300 35 6J33**8202-31P13.12U2 *P0T0-* 1282*SCONTINUE1* 2

0 * 8 ,3 0 4 , : 4 . 2 * 4 0 . 0 * 3 22 8 2 3 0 0 8 * *. 2 * 2
CALL fXK20 I 624 .WP22.32.1 82 211+.322 * 802* 0 nIfl*J0-P0T*2

30.3CONTINUE j5/100T1P104208002To2I"

00 CNTINUE 8 ot 31.
REP2S )165* 2 080R4O*0)3
00.J*12.36a1*0 0.003o t #QlGA"

30 1007335AX- 103.2.01. 00 70 29

I *If00 0*83.A2320(OI#P32A2220P#?032PO0T16*POT*-l0.2
00 50 0.3.00t*3* I40*0 1208*4282007*0)$( O"I 240T332 45600)

POT0A332P072O0313 2 390 1.18

8 .1 98 8 0( . l- 2 2

*0(.06*90- 1F09.2P6480 E921 0 Tf00
C J0mlt 40403

00*00 '" AI 3.3.0884*80 (f.(04# 62f

8.0 £ 12 
":I0,+

00 Q * 330. .8 . .
C31.0*8 .01-3 0S.S*M00I 0

C3.22f.0200 08.00
.23*03 0286f0ps 313.(0.404080882.*

822.1.*.0C36.'2 230 ON 1335
8*. 3.*4TI0C2 04

8*91 440 3 ).0C;! 0.0*3 to:
8.302.2.122.082,E2 1PI.300 00...23
82334.43~~~~~~~~~~~~ .03.3C0.E .222*022P11201 )4O)*2P103
8232244.0'I.rep III1 800010*2330*02201 2

823.34 I.0'CJ 00a .vI
8)8.3..1OttCic 235 1139828*POI2LT*P0IT23328?34 31*04 I2"#

C ~ 0 230 10030
to 42**20303-

0-42026 8.2201-2~fVOOWF
010. 3.0INT. MR202020
I29.2OC/.211
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It I I1, To44 04
09A .'T44441 844

-OTIL I1F0S-s'*F-4M 2*.

'*FDFII ~ ~ ~ ~ ~ ~ I -1+ 4044IL3 FSSnFU(O
1, 4.444 'S 101. 1: A

4081. 1I COWRI (UMI90 IE.

I LA43 +N4 0T4434'04-40 I PT.44414'04- 4T41E .83>319A84 00 TO0540

- ;GO 4- ST,44,4E44 C 510 CONTINUE

£#SEPS*SSEES C f

(4 8 04SOT.5450 CONTINUE FO "WR45IO

';J.O045KE..45 51050002r'4.LSE'41,00419.

RES'' 
OT.,JOMU (T40 0

I 045400T4P 10'O *N8ES TL 2)iPTM- ON*780 M (4 .VC(4 .W Y6: :C 4.Blm m : .

290 CO!NTINUE N 95008884Iw~ 1NE5A345.9bmc4I 3504Il

E PSEPSAsE7ES 25404.IOAT/ 5N0.LNR2,4TA.C043N4CE1E4I84.C9044N
',, cooIW C90 2.CMO S EC4I2O4.SECS 4.ICI2fCSCp2'I*6 EO0 0 0 IODMDSMIN TO I85 3CM420.PON38.P£73N4.SC4S4.lI42
50'A34NPTI 0 '0974-309T4021974-3 40 o054324.4 f42N5EM3''2FR24v94 244I 8A44500
18O4TEMWREDEO 33597L497N100404904- DIME4A.EENSON OIN4.8L5044I00 241 2

00 10I90N SIO443N 4NM 43 2N .N O V4 2S . C0 04 2 4. C0 1 32 4

-9.P0ASSS C-404IO4LN +142.S IRT(LN TNC.TA 4348 E
20C I."E C0 GO TO/P80t99 309N.190108. 18T .OE8.C039) .*NSS

00 70 ( OT L I #P f L- )P Y( * ) -TN230A( 3) 3NONN.0O8S .N S N .N 0 8.N S

C ;0 ( r (m)#~ im I)#D M I )C L DIS E ION , U ANIZ*.W03.T5(I9),I6

0848' 18*1.4CA511084I

GO .E.8 TO 3 20 999 VONNT4O. .I.N"(4'91*0 .12.

30 L400'849783004'4 CALL ESEC43.3.U.IDLR.32.Tf.SCI91A

05803126PTLIPOC-)P tM PTL3)A 30 I8TANST T25
8003ISECT00EC4

For, 2840404004-4004"44814 DO~ 100CKE 8-0. 0070 0

SUA12POTIL LI' 4004L4P T0 111 49T 003 I TC I'D 40
*E.8PO 9444 3L0 +" . 6OP r A 4 O n) I~~l~loCNTNU

-to InPTM N 0 IAN25A5
'0U' .A432454P07l0340p074-40SUPS24)Ait) 141.Pa 111Ar

13 81040 3054 8CAL0125

IfN I CALL EOC3L34.458532TAC sN4iScT
.::'2 SOIN 13.25A
t-'0I0 1030 4485474-ptff513P

0 .- "802 3go CONTIOLEr
9 ~ ~ F 39 j.104*DSE.NS 1 842 CALL ([l3L.4NS2TAO 5.8C

18 .83254904L0I1494
1
4L34404435 Do0390 1 I25A

4490740L 4*9O430309743 a 00 +7N043434400030.445*7- 8n

*PTO" 90 I-T1.40E5O I5£T10Em 0

140 CONTINUE "for-NAVELE #28I
4flN4 3D80200 132

L~D Itt SC .
3*4f( 4,;.1 0I TO 34 14JEO'4 ISCV

5W3.A32454074044*9144L'34#074N244DO 3348 8038-.8440
34904L490T00344974N 34344344N044480354904N'I44 ALLESECI-L.INWN.2N.45A*4I4.isC,

I 8 3 8 4 9 0 4 8 ' 2 : S0 .' 3 -3I C .4 2

00 401 1IGIIAt.s'p0S
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