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L. INTRODUCTION

High-voltage charging is now recognized (Parks and Katz, 1981; Katz
an2 Parks, 1983} tc be an operating hazard for larger spacecraft,
ircluding the Shuttle crbiter, passing through the auroral plasma in low
oolar orbit. [t is important to develop methods for predicting which
combinaticns of environmental conditions and spacecraft properties will

resuit in high-voltage charging.
g g g1ing

The work presented in this Report is in two parts. Section 2
centains a simple approximate theoretical prediction of the required
cenditions for high-voltage polar-orbit charging. The results of this
derivation suggest that spacecraft potentials are likely to depend more
strongly on the ratic of ambient flux of high-energy electrons to that of
all ions, than on any other environmental parameter. In Sec. 3,
calculaticns are made cf secondary-electron escape currents from space-
craft surfaces, as infivenced by magnetic fields having various
diresctions relative to these surfaces. For realistic values of electron-
repeiling surface electric fields, the results show an extreme sensitivity

T escasing currents to small changes in surface orientation, for

@]

surfaces almcst carailel to the magnetic field direction. This implies
+hat the cceurrence of high-voltage charging in marginal circumstances
may cecend very strongly cn the precise orientation of a surface.

Arcendix A contains a listing of the computer program used to perform
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2. ESTIMATE OF REQUIRED ENVIRONMENTAL CCNDITIONS FOR
LCW-POLAR-ORBIT CHARGING

in this Section, we show that spacecraft surface potentials are likely .
to depend more strongly on the ratic of ambient fiux of high-energy
electrons to that of all ions than on any other applicable environmentai

parameter. To do this, we make the following approximations.

{1} We assume that magnetic-field effects on charged-particle motion
are negligible. This assumption should be acceptable for initial
estimates because the gyroradii of ions and high-energy electrons are
generally a few metres or larger, especially in a high-voltage sheath
(Laframboise, 1983, Table 1), and collection of "cold" (0.1 eV)
ionospheric eiectrons dy a negatively-charged spacecraft will be very
small, so their density is well-aoproximated by a Boltzmann factor,

independently of the presence of a magretic field.

(2)  We assume that ambient high-energy electrons have an isotropic
velocity distribution. Large departures from this have been observed
in auroral-plasma conditions (W.J. Burke, 1984, private comm.unic-
ation), but this should not seriously affect the type of rough estimate
mace here. Parks and Katz, 1981, and Katz and Parks, 1983,
assumed both the ion and electron fluxes to be unidirectioral; we

discuss this point later in this Section.
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(3)  We ignore secondary-electron emission; magnetic-field effects
would tend to suppress this on some parts of the spacecraft in any

case (J.G. Laframboise, 1983, 1985; Sec. 3).

(4)  We assume that the spacecraft is a unipotential sphere, large
. compared to the typical ambient Debye length of $ 1 cm. We
consider only overall charging of the spacecraft. This neglects the
possibility that local high-voltage charging may occur, especially on

surfaces in the spacecraft wake.

(5) We assume that both ions and electrons have double-Maxwellian
velocity distributions, with the colder component in either case
having a temperature of 0.1 eV, and the hotter 1 keV or larger. in
the scacecraft reference frame, these are superposed on a drift

velocity equal and opposite to the spacecraft velocity.

ions are asstumed to be either H or 0.

[6))]
~—

Note that assumption (3) could cause a false prediction that high-
voltage charging cccurs, while assumption (4) could cause a false
prediction that it does not. The effects of assumptions (1), (2), and (5)

re less clear; these could conceivably either increase or decrease
predictecd surface potentials. With regard to (6}, assuming that the ions
are H' results in maximum wake-filling by ions. If there are any

electrically-isolated surfaces in the spacecraft wake, this would result
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in decreased surface potentials (magnitudes); assuming O gives the

reverse.

Prcbably the most serious difficulty in formulating a theory for

.ow-croit-charging is the prediction cf icn collection on downstream

surfaces. As mentioned in assumpticn (3) above, we avoid this

-

D I

zifficuity by considering only total, rather than lccal, ion collection, on

nipotential sphere. Kanal [1962, Eg. {63)] gives an expression for

LIPS

)

v

the icn current ccilected by such a sphere froem a drifting Maxwellian

clasma in the limit of zero potentials (relative to space potential), as

3

i.: Tr

(S +z§-)er‘f5)+exp S 9] (2.1)

where i. = 1./] ., I . is the ion random current en, (kT;/ZTrm.)?,

i7" e’ ol feo' i
S, = U/(Zk'l'.l/mi)2 is the ion speed ratio, U is the ion drift speed
reiative to the spacecraft, e is the magnitude of the electronic charge, K
‘s 2c.tzmann’s censtant, and m;, T, and n,  are ion mass, temperature,
arc ambient number density. We assume that U = 8 km/sec, corres-

scnding to low circular orbit.

We reed to take account of the effect of a large ion-attracting surface
cotential on ion collection, in the limit of small Debye iength Ap
rared to the sphere radius rgw 10 co this, we use a result of

Parrct et 2] (1G82). These authors show that for a prebe in a collision-

.ess, nenmagnetized, Maxwellian plasma having T /T = { and without
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ton drift, and in the limit when >\D/rs -+ 0 but -e¢>s/kT >> 1 [wnere

these limits must te approached in such a way that (-e¢_/kT) ()xD/rs)“’3
remains (< 1, i.e. sheath thickness remains << sphere radiusj, the ion
{attracted-particle) current is larger than the random current by a factor
of 1.45. This factor represents the effect of the "presheath” potential on
- ion collection. EZven though several of their assumptions are unfulfilled
in cur case, the resulting effects on ion collection are probably small
enough for our purpcses. We therefore muitiply Eq. (2.1) by the same
factor to obtzin an estimate of total ion collection as influenced by
surface-potential effects. The resulting ion-current dependence on ion
speed ratio is plotted in Fig. 2.1. For O  ionsat T = 0.1 eV (1 160K},
H at 0.1 eV, O" at 1 keV, and H' at 1 keV, S, = 7.31, 1.83, 0.0731,

ard 0.0183 {the latter two are effectively zero), respectively. The
corresponding ion-current enhancement factors (values of i,) from Fig.

2.1 are 9.50, 2.69, 1.45, and 1.45, respectively.

If the ambient ions are H', the ion collected current is now given by:

4 , r leC
[ = trr_*en, iznmi } (2.69)
(T 3 (2.2)
. + 4nr_2 en { ih } (1.45)
M s h 1 2mm, '
wd 1
oy

where the subscripts ic and ih refer to the cold and hot ion populaticrs.

If the ions are O, then the factor 2.69 in (2.2) should be replaced by
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ions. . nerefore:

e eiectron coilected current is:

(2.3

eC

e
. This leads to:

-aieg /I<

o~ ———
30, VL g

=

20D _ /KT L = AN i
s of

“ocr = izns. with €3 an

Tnis is ecuivalent to:

d 2.69

\/_Ti—c +1.48n, VT

-

e e — e
0
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repiaced by 172 and 9.5C for O ions.

~ct-electron ambient fiux

.....

., = Jini 2.559 (coia-ion amoient ilux) + L.<5 (ot ion

a3
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kT, -cor nigh-volitage charging to become provatie, the argument of the In

~

Tiimmb i it ey A mam b A A T N [ ~ D Tg0 ; .
CLUTCLLCT TRUSGe Ce TLCee L O .ar‘geA Nan e ~ <. /‘—“, 1.6l

~ot-2lectron ambient flux >
Z

o 2.72

e Z.2% ‘zzid-icn ambient flux) +1.45(het-icn ambient flux)

i i 2o Bharl
"t e

> - -

o sor 0 /H  mixtures ana for hot-ion temperatures other than { keV,
< zereralizaticn of this result is straightforward. Since any hot ions are
. Lixslv ot have T:H/T_.ﬂ X .04, <he not-ion ambient flux wii. exceec the
L) - ! -

()

~nlZ-iom amnient flux T tme het ions constitute more than about 1% of the

mziert-izn numzer censity. Equation (2.7) indicates that the

smeat of nign-voltage charging can te expectec to cepend primarily on the

MO P rrtanss

5 rzm:c of hot-electiron amzient flux to the ambient flux of all ions, as

k-~

'y : o . . [ I = H H T N

: manticred at the oazinning of this Section. This completes our argument
. im zuszert of this concliusien

2

1

! .~ enalvzing spacecrall Zata, one is therefore likeiy to fird better

W . . - ~ . . . . . o
) correiation of spcacecrall veitages with the ratic which eppears in Z3.
Z.7" orosometning nearly egual to it) than with any other measurable

Tuantity, SUCh 38 elecircn or ion censity or average erergy, taken

4

n calcu.ating values of this ratio, the ambient fluxes

- ‘wmich zre involved neec tC nave deen measured simuitanecusly cn the

D"

" - — ’ . - .~ —
zame spacecralt. Zver thougn the appreximations made in cderiving (2.7)

L/

o zra severe, anc ‘he tracise Zegencdenrce cof spacecraft voltapes on this

- ratic may therefcre Ziffer substantizlly from that giver in £q. (2.7)

=ra/or the cceflicients in the ratic itgelf may need to be modifiec), our

)
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. general ccnclusion, i.e. that spacecra™ veltages should correlate most
N
% . . . ; .
AT strongly with this ratio (or something nearly ecual to it), is likely to
A d
- remain valid. Furthermore, the depercence cf spacecraft voitages on
s e . , . T
i this flux ratio is likely to retain an approximately exponenti~! form. In
* situations where mcst secondary and backscattered electrons emitted by
v the spacecraft will escape (see Sec. 3), primary-electron incident fluxes
ad
(- | |
will be approximately cancelled for many spacecraft materials by
o
electron escape at incident energies up to a few keV (Laframboise et ai,
1882, Laframbeise and Kamitsuma, {983), so the het-electrcn ambient
ol
L
. flux term in (2.7) needs to be modified accordingly.
N
o
N
‘ ’T‘L‘ . . . A . : . '7 . v e
= ‘he most serious apgroximation made in deriving (2.7) is probabiy
A%
P~ item (4) in the iist at the beginning of this Section. This is because ion
Y
.w\- ] - ' i 1 ' t
: xes on downstream surfaces are likely to be very much smaller than
. : o . .
their average over ‘he entire spacecraft. They are also likely to be
strongly depencent cn spacecraft geometry, lccal surface potential
—— 4
distrioution, and O /H concentration ratio. Therefore, the critical
J
g value of ambient flux ratio, at which the onset of high-voltage charging
‘..4‘
ALY
> occurs, is likely to vary substantially among spacecraft having different
A
B o ri ! surf ial i articul for oraft havi
3 geometries anc surface materials. In narticular, for spacecraft having
o electrically-isclated downstream surfaces, this critical ratio is likely,
b secause of lccai charging on these surfaces, to be much lewer than for
o
A spacecraft which have an entirely conductive surface.
Surthermere, in contrast with the situation for total ion collection,
L)
l
oo
s'(‘.
s 8
"z&-.
aNy
As
‘ .
1 ‘-
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there is no known, simple, reliable method for estimating ion fluxes on
downstream surfaces. Parks and Katz (1983a,b) have developed an ion
flux calculation for the downstream point on a sphere in a potential
which has a given, simple analytic form. Detailed numerical
simulation, which includes realistic self-consistent spacecraft sheath
potential distributions, and which probably needs to involve at least
some ion orbit-following, therefore appears to be essential.
Preliminary irdications, from work of this type presently in progress
(L.W. Parker ard J.G. Laframboise, to be published), are that conditions
on the "shoulder” or "side-point" regiors of spacecraft (surface material
and geometry of this region; local surface curvature is probabiy
important) may strongly influence potentials of downstream surfaces,
because of detailed effects on ion trajectories. The geometry being
investigated first is an infinite nonconducting cylinder transverse to the
ion drift direction, and preliminary results also indicate that the
location of maximum negative surface voltage is not at the downstream

point but at two points symmetrically located on either side of it.

So far, we have not mentioned the difficulties which can arise in
measuring the ambient ion fluxes which appear in Eq. (2.7). So far, we
have also definad "ambient flux" to be that measured in an Earth-fixed
reference frame. The alternative would be to define it as that measured

in the spacecraft frame, i.e. including ram effects. Ion fluxes

measured by spacecraft instruments are strongly influenced by ram

effects. In fact, the numerical factors 2.69, {.45, and 9.50, which
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appear in Eq. (2.7) and the associated discussion, aiready constitite a
rough ram-effect correction, but for totai current to a sphere, not for
local collection by a forward-facing instrument aperture. I[t-may happen
that the ram-effect correction factors for an instrument are nearly

equal tc the above factors, so that the instrument measurement, without
any correction, already gives a good estimate of the denominator of

Eq. (2.7). In any case, the response of the instrument will depend on its
geometry, and this problem has already been treated by other authors
{(Parker, 1970; Parker and Whipple, 1970; Whipple et al, 1274; Chang
et al, 1979; Singnh ard Baugher, 1981; Comfort et al, 1982;

Laframboise, 1983), so we do not discuss it here.

Parks and Katz (1981!) and Katz and Parks (1983) have estimated
narging potentials on spherical spacecraft of 0.5m and 5m radius,

assuming that the ions are O, the hot electron temperature T, is 5

keV, and spacecraft speed is 8 km/sec. Their results can be compared
directly with those given by our Egs. (2.5) - (2.7). They have used the
theory of Langmuir and Bledgett (1924) to obtain values for sheath
radius as a function of spacecraft potential. They present spacecraft
potentials as functions of the ratio x of hot (“precipitating") electron ram
current to ion ram current. To make a comparison, their value of «
neecs to De expressed in terms of our ambient flux ratio. They have
assumed the ambient electron flux to be unidirectional. To convert to an
equivalert isotropic flux, we note that current to a sphere = 41rr‘52 >

isotrezic {random) flux, but = Trr's2 > unidirectional {(ram) flux.

10
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~herefore. equivaient isotropic flux =: 4 > unidirectional flux, fcr a

[Or iR w4

Alse ‘or a sohere, the ratio of ion ram to rancdoem currents is

/8T, /am.)¢ = &2 Vrr Si' Using 5, = 7.31, this ratio = 6.48, so
“rerefcre:

chmiw L — 0Ot electron ram current

heir ¥ =

.13 X totai ion random current

7r_% x hot electron ram flux

T 5.48 x 4qxr_? x total ion random riux
S [ R el
Y g ey
-t hot electron {equivaient) rancdom flux
5.48 7 total ion ranaom flux
[
= ~——= < our flux ratio R.
0.45
With coefficients for O used, our Ea. (2.6) gives:
> =-3000 In IR/9.50). (2.9)
-

Tigure 2.2 shews our result and theirs [from their Fig. 3 (1981) or

ig. 2 {1283)], plotted together. At larger pctentials, the combired set
cf resuits shows a monotonic progression toward increased charging for
arger spacecrait. ~or T 350V, their Sm sphere shows more
charging than our iarge-radius-limit sphere. This is because their ion-
current ernancement factor, which is determined by the size of a sharp-
acged [angmuir-Blodgett sheath, {ails teiow ours, which includes the

affect of a quasireutral presheath. This ciscussion suggests that the

11
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U
tendency toward high-voltage charging aiways increases with spacecraft
! size, but magnetic-field effects may modify this (Laframboise, 1983,
) Sec. 1). The corresponding curves for local charging, on surfaces in a
M
1
: spacecraft wake, will lie to the left of those shown in Fig. 2.2, but -
4 these remain to be computed numerically.
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3. CALCULATION OF SECONDARY-ELECTRCN ESCAPE CURRENTS
-ROM NEGATIVELY-CHARGED SPACECRAFT SURFACES IN A
MAGNETIC FIEL

3.1 SUMMARY

In iow Earth orbit, the geomagnetic field B” is strong enough that secondary

electrons emitted from spacecraft surfaces have an average gyroradius much
smaller than typical dimensions of large spacecraft. This implies that escape
of secondaries will be strongly inhibited on surfaces which are nearly paralle!
to B”, even if a revelling electric field exists outside them. This effect is
.ikely to make an important contribution to the current balance and hence the
equilibrium potential of such surfaces, making high-voltage charging of them
more likely. We present numerically-calculated escaping secondary-electron
fluxes for these conditions. For use in numerical spacecraft-charging
simulations, we also present an analytic curve-fit to these results, accurate to

within 3% of the emitted current.

3.2 INTRODUCTION

The prediction of high-voltage charging or other environmental effects on a
spacecraft in low Earth orbit appears likely to be more complicated than in

geostaticnary ortit, for at least three reasons.

These reasons are: (a) space-charge effects (cn sheath and wake potentials)
are more important, because space-charge densities are much higher (the

Debye length is no longer >> typicai spacecraft dimensions) (b) ion flow
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effects are more important, because spacecraft orbital speed > ion thermal
speeds (c) the geomagnetic field B is likely to have an important influence on
charged-particle motions because B” is now much larger, and not all of the
average particle gyroradii of importance are any longer >)> typical spacecraft

dimensions.

We wish to investigate an important consequence of (c}, which concerns tke
escape of seccndary electrons emitted from spacecraft surfaces. Our discus-
sicn will aiso apply, with minor modifications, to pnotoelectron or
backscattered-electron escape. In low Earth orbit, in the aurcral-zone
geomagnetic field (|§’]: 0.44 gauss = 4.4 x< 10-5T), the gyroradius of a
"typical” 3eV secondary electron and a 10 keV auroral electron are 13 cm and
8 m, respectively. The average gyrcradius of "coid" ionospheric electrons
(temperature T = 0.1 eV) in the same B is even smaller (2 cm), but this is
not an impertant parameter in most cases because these electrons are repelled
if the spacecraft potential is negative, and their density is then well-

aporoximated by a Boltzmann factor, which is unaltered by B” effects.

‘Tne reason why B” affects secondary-eiectron escape is shown in Fig. 3.1.
In Fig. 3.1(a), the spacecraft surface is perpendicular to B®, and the emitted
eiectrons, which experience an electric force -eE” directed away from
the surface, all escape, helping to discharge it. In Fig. 3.1(b), the spacecraft

surface is nearly parailel to B”, and almost all of the emitted electrons return

to it, even though they still experience an electric force directed away from it.

These electrons therefore are unable to help discharge it, so a surface nearly
varallel to B” is more likely to charge to a large negative voltage. Note that

the component of E” which is perpendicular to B’results only in an E” B'drift

14
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para.liel to the surface.

Tor any cbject much larger than 13 cm, the escape of secondary electrons
wil. ze strongly affected by this process. For example, most surfaces on the
Shuitle are effectively "infinite planes” by this criterion. On the other hand,
the average gyroradius of high-energy auroral electrons is comparable to
Shuttle dimensions, so the deposition of these electrens onto Shuttle surfaces
is iikely to be only moderately inhibited.

Tor a .arger object (size >> 8 m), deposition of auroral electrons will
alsc become strongly orientation-dependent, with both collection and escape of
electrons now being inhibited on surfaces nearly parallel to B’ This suggests
that high-voltage charging of such surfaces may be more likely on objects of
intermediate size than on either larger or smaller ones. In the calculation of
Parks anrd Katz (1981), Katz and Parks (1983), the tendency toward high-
voitage charging increased with spacecraft size because in their model, ion
collection increased less rapidly with spacecraft size than did electron
coliection. To determine which of these two effects predomiates will require

mere detailed calculations than have been done so far.

As already mentioned, strong ion flow effects also are generally present in
low crbit; the ion speed ratios (flow speed/most probable ion thermal speed)

for 5 at 1 keV, H* at 0.1 eV, and O% at 0.1 eV are 0.02, 1.8, and 7.3,

resrectively. Whenever the latter is the predominant ion species, ion
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collection on downstream surfaces will therefore be strongly inhibited. If a
surface is simuitaneousiv downstream and nearly parailel to By as is likely to
be the case in the aurora! zones, then the tendency for high-voitage chargirg to

occur on it will be greatly increased (Fig. 3.2).

To "straigntforwardly" include B’effects on secondary-electron emission in a

large two or three dimensional simulation program would involve the
rumerical integration of very large numbers of secondary-electron orbits. The
resuiting computing costs usuaily would be formidable, especially since these
orbits wouid nave relatively large curvatures. A desirable alternative is to
"parameterize’ the situation by treating in advance a simplified but still
sufficiently reaiistic mcdei problem. In order to do this, we make the approx-

imations cescribed in Sec. 3.3.

3.3 THEORY FOR E"NORMAL TO SURFACE

We assume that the spacecraft surface is an infinite plane, and the electric
and magnetic fields £ and B outside it are uniform. In the work presented

here, we also assume that the electric force -eE” on electrons is directed along

the outward rormal to the surface; here e is the magnitude of the elementary
charge. This assumption is to be relaxed later (J.G. Laframboise, to be
puolished) in crder to permit variations of potential along the surface to be
teken intc account. We assume that the secondary electrons are emitted with
a Maxwe!liar distributicn corresponding to a temperature T. The ratio i=l/1
of escapirg to emitted flux is then a function of two parameters: the angle 6

between the surface normai and the direction of B> (Fig. 3.3), and a parameter
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3t describing the strength of E. A convenient choice for this parameter is the

X
_, difference in potential across a mean secondary-electron gyroradius a =
i (l/eB)(nka/Z)J" , divided by kT/e, where m is electron mass and k is

A x Boltzmann’s constant.

]
o
;.;:; This guotient is:

Qe

N = Tm

3 e 3.0

N

. where E = iE” and B = [B” |.
1, ‘
&
i
.*3 This guantity also has an alternative, more useful interpretation: it is the
' ratio of the magnitude [E* <B"1/B? of the E" <B" drift speed, to one-half the
N mean thermal speed (8kT/Trm)% of the emitted electrons. It is useful to

."_:-:
'j'f;} estimate the value of € for a high-voltage spacecraft sheath in low-orbit
- conditiors. To do this, we use the sheath solution of Al’pert et al (1965,
N
:l:: Table XXIV and Fig. 72). For alkV and a 5 kV sheath around a sphere of {
31,‘*:3.: radius 3m in a collisionless plasma having an ambient ion temperature of |
KD

_3

;:,), 0.1V, number density of 3 < 10°% cm , and resultant (ion) Debye length of
"
,*. 0.43 cm, their results give, respectively, sheath thicknesses of 2.6 and 6.1 m,
e _S
R and surface eiectric fields E = 0.86 and 2.9 kV/m. UsingB=4.4 < {0 T
sv' and T = 2 eV fer seccndary electrors, we then obtain € = 33.9 and 114.2.

A

::3 Both of these are relatively large valiuves, whose significance can be understood

\ if we consicer what would happen if € were infinite.
.
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o in this limit, it is easy to show that s=condary electrcns would all escape
5 unless B” were exactly parallel to the surface (6 were 90°). This can be .
.""'
0, shown as follows. In this limit, seconcary electrons would have no "thermal"
8
motion. The (y,z) projection of their mction would then be similar to that
%)
?' r . . ~ A v . . [ . ;" ? . . .
7 shown in Fig.3.4 . This motion wouid be the sum of: (i) an £'x B drift in the
N . . . o ) : = . . .
0 direction {ii) a uniform acceleration aiong B, whose projection in the (y,z)
A Y g proJ y
piane would te upward (iii) just enough gyromotion to produce a cycloidal path
L.‘] when combined with (i), so that in the absence of (ii), the electron would (just)
. return to the surface at the end of each gyroperiod. In the presence of (ii),
: ' these "return points" are displaced upward by preogressively increasing amounts
)
3 . . ; ,

! (Fig.3.4), so the electron can never return to the surface, unless B” is exactly
B paraliel to the surface, so that the upward component of eE” along B* vanishes.
- , .

B If -ek” has a component parallel to the surface, this conclusion needs to be

b &~ p

0

;« modified (J.G. Laframboise, to be published).

-- This result suggests that for large finite values of € (including the values
R calcuiated above), electron escape is likely to be almost complete except for 6
1%

o very near 90°, where it should drop to zero very steeply. The occurrence of
R

h high-vcitage charging in marginal circumstances may therefore depend very
Fly »

' strongly cn the precise orientation of a surface.
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® 0 ® m 372 mvo2
= f_wdvox lw dvoy {)n {'Z_WT } exp{- E_ET_} Hlvoyo Voy? Vo) Vez@Voz
(3.2)
3 3
where: \7; is the initial velocity of an emitted electron, f(V;) = dn/d V; is

the velocity distribution of emitted electrons, n is a reference number denrsity,

Crh : , .
and H(vo) is equal to | for escaping electrons and O for those which return to

the surface. The emitted flux is:

[ =nkT/2mm)*. (3.3)

We also introduce the dimensionless velocity:

<>

2 =3 (m/2kT)?. (3.4)

Squation (3.2) then becomes:

L _2( (. Uog Yoy [ Yoz
2 " oX oy oz
r - 7= [duox“doy € Jduozuoz € H(u ox’uoy oz)
© -0 - 0]
{ * 2 . K max (%x? oy) k+1
=L ] dugduy, emtug?- oy) > 1)
- -~
exp [-u lim,k(uox ’uoy)]
1 2 2 (kmax)i,j K+1
zZX Au_ _Au_explu . -u ) Z (-1)
T ox™ “oy ox,i  oy,j’ 1Ty
L
2
> exp [(-u lim,k ). ,,J] (3.5)

which is in a form suitable for numerical summation. The quantities Uy o
b} -
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Ui ey ees slri are the vaices oI =__ for which = changes tetween O

WM 2K >z
> | for eacn U, andu, . These values must te found by numerically

Istermining which particle ortits reimract the surface. These ortits can,

S Uy
i
J
(@]
@]
~<

~owever, 2e cetermined in analytic ferm, with time as a carameter. To de

X ]

-his, we use the cocordinate system shown in Fig. 2.3, togetrer with a y-axis

et shown) directed into the plare of the Figure. The equation of motion for

DX

A ool anmtean g
feRint e.eg\.. vn .S-

L a

-

[

=P -
v

-

(a3

‘We solve this with the initial conditions § =y =n =0, v, = Vogr Vg T and

s
(@]
\<“

v_=v__. We introcduce the dimensioniess variables:

2 7oon
<
. o _"x [/ mm e = v / am sto:
K < = = e = e St 2
- X 3 x0Ty 3V 2« ’
Ri
B/

~ ~
¥

X = x/a.y = v/a. etc: ‘3.7

- — . b = TR St
o - = 5 L= eR/mt.
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In the present work, € and ey are both zero, but for future use, we ~ave
h

ese guantities in the formulas below. We cttain:

uog:u ‘;1'\9+uhcos 6;

uon:—u cos 6 + u__sin 6;

g:%%ﬁ* \/—;-_UOQ’ T3

N—rv‘_z;rc-;en} smr+{~§7—ruo§+ e}(cosr-1)+12—rer)t'

z}z —\%'T_r or)+%&y} smr+{v'_27—r on’?z W} (1-cos r)-—eyr- (3.8;

N
I

gc059+551n6.

Equations (3.8) can also be differentiated to find dg/dr. The numerical
procedure for finding the quantities Yim,k in Eq. {3.5) then invcives
calculating z 2 and dz/dr at a succession of points along an orbit (if -eEis
rermal to the surface,the electron will reimpact during the first gyropericd
at all, so this interval always suffices), and making the
apprepriate tests on these quantities to find out whether the orbit reimpacts

or escapes. ~or each U cand u this is done for a succession of vaites

» CYsJ

of =, . These tests also yield the locai minimum of z (t) if one exists.

\Wierever a charge ccecurs between no escape and escape from one such value
of - te the next, an interpolation using these minima can bte used to provide

‘ne cerresgorcing value of Uik In cases where they are unavailable, the
A Y .

arithmetic mean of the two succestive u Zvalues is used.
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This completes the definition of the procedure used for calculating the ratio

./i of escaping to emitted flux.

3.4 RESULTS AND DISCUSSION
Escaping secondary-electron current densities, computed as descrited in

Sec. 3.3, are shown in Table | and Fig. 3.5. Each value of { = Io was

caiculated using 191808 orbits, evenly spaced in the intervals -4.5 < u_ <

[0
N

A
[, -
1

, 2.5 < on £ 4.5,and 0 € Uy, < 4.5, with points on the orbits calculated
¢ intervals At = 7/45. ror 8 values each of € and 0, the resulting
calculation toox 83 hr total on a Hewlett-Packard 1000F minicomputer with
Vector Instruction Set. The results are accurate to within about 0.5% or
cetter. The result for € = 0 is just the analytic resuit i = cos 6. To see why
this is so, we consicer the electron orbit shown in Fig. 3.6, which has been
fictitiously extended so as to pass through the surface and re-emerge from it.
o tne absence of an electric field (¢ = 0), this orbit has the same speed at the
re-emergence point C as at the emission point A. Since we have also assumed
that the emitted velccity distribution is isotropic, and therefore a function of
szeac only, the real orbit, for which C s the emission point, must carry th
same population as would the fictitious re-emerged ordit. The flux crossing
*he reference surface DE, which is | E,’ is therefore the same as if such
rassages and re-emergences actually occurred, and is the same as if another
reference surface FG, also L B were emitting electrons having the same
ve.ocity distribution. However, in reality, the electrons come from the real

surface HJ, which is rot 1 Bfand all the electron-orbit guiding centers which

are irside any given magnetic-flux tube through DE will also be inside the

22
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% orojection of the same flux tube onto HJ, and the ratio of the intersection

areas cf this tube with A0 and DE is just sec 6. The ratic of escaping to

i ermitted flux must therefore be the reciprocal of this, cr ccs 6, as stated
)

e above.
O

)
‘5 Also evidert in Fig. 3.5 is the fact, mentioned in Sec. 3.3, that when € is
. .arge enough, electron escape becomes essentially complete except when 6 is
P

" . .

" very nearly 90°% In a real situation, E* would not be uniform, but would
oY decrease with distance from the surface, contrary to our assumptions. Our
1K
3-': results can therefore te expected to overestimate electron escape. This wouid
- probably not te a large effect, but this presumpticn remains to be verified. An
L. approximate compensaticn for it can oe made by calculating € using an electric
o PP ! Y g g
.;..'\. L B . L) . r~. . .
T Tiela value which is averaged over the first mean gyroradius distance from the
'r.‘

surface.

w0 The results in Table | are approximated to within 2.5% of Io oy the
183
1 empirica: formula:
@) (
;}j a= 1+ 1.35¢!13% exp{0.083725 {1+tanh (1.9732 In (16i )]}
. .
el
v L

o3
“ -0.07825 iIn [{ + (e/8.5)1-78148] }.
I .

A‘:q:‘ /

2,008/ o
e b = 0.38033¢%:95892 exp|2.098841 + tanh [1.49 in (3= }]

‘)i':ré . Y L l (3 )] ?
138 c = iIn (90°/6); (3.9)

.\'
:-." P o 2
oo i = cos [90~ exp(-ac-bc?)].

%5

el A

This fermula also has the correct limiting behavior when €40 or «, or 6+0°
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cr 90%  An approximation formula for the emitted flux is also available [Egs.

8} and (B) of Laframboise et al {1982), and Laframboise and Kamitsuma

{1983].

3. 5. CALCULATION OF SECONDARY-ELECTRCN CENSITIES

Cnce the secondary-electron escape fluxes are known (Sec. 2.4), a simple,

inexpersive, approximate calculaticn of their space-charge density distritution
£ %

~

can be set up. The proposed methed is as foliows: (I} igrore the gyromotion
of the secondary electrens once they have escaped. Their mcticn then invoives:
(2} an acceleration along magnetic field iines, of amount -(e/m)E”eB’ /B (b) 2
rift motion of velecity E"x B’/B? across magnetic field lines. (2) Integrate
enough of the trajectories defined by this motion {(i.e. their guiding-center
trajectories) to define trajectory tubes whose cross-section at any point can te
caiculated with sufficient accuracy; the method described by Laframboise et al
(1982, Sec. 7), can be used to calculate the area of a trajectory tube without
reference to neighbouring trajectories. (3} Calculate their space-charge
censity () at any point by (a) ignoring the "thermal" spread of their
ve.ocities (b) then invoking the fact that their density x their velocity [as given

>v the orbit integration mentioned in (2)}, x< the cross-sectional area A(r’) of

PR3

ne trajectory tube (which must be calculated in a plane 1 the trajectory) at
the point r in guestion, = a constant {whose vaiue is given by the initial
conditicns at the poirt on the spacecraft where the trajectory originates) (c;
finding their veliccity at the point in question by using energy conservaticn,

, , . g .
tcgether with the values of electric potential ¢(r) and ¢, at that point and the

emission point, and their assumed velocity v, at the emission point. Tre




"y result is:

R n(e) = N VAL {A(r*) Jvoz + (2e/m) [oF) - o) | (3.10)

s

T where ngvq is the escaping flux calculated in Sec. 3.4. At most positions, n(

will be insensitive = the precise value assumed for v4?; assuming that v, = the

cne-sidec thermal speed (2kT/7rm)% will suffice for most purposes.
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12— Total lon Collection by a Unipotenti
Sphere in a Collisionless Plasma Flo

11—

Sphere at large negative potential,
assuming that sheath thickness
10— remains < sphere radius r.,

using theory of Parrot et aﬁ 1982
(lower curve multiplied by
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Figure 2.1 Depencerce cf ion nurrent *o a sphere cn jon speea ratic.
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APPENDIX: _ISTING CF COMPUTER PRCOGRAM USED INSEC, 3

R L ™

~

Nzter In it present form, this program incorrectly credicts nonzerc electreon

eozze when mL 2 R 3 -

, . >, . .
, = o320« i.e. when e=’ bas an outward mormal
—

. —- . - -y -
v < < -

SarTacnent, DUt Y3 Drtiection Aiong B Nas an inward nermai cemperent.

~ 2
0001 FTNA4
0002 PROGRAM SCAPE
0003 C
0004 C THIS PROGRAM CALCULATES THE ESCAPING FLUX (NORMALIZED KY RANDOM
- 000S C FLUX) OF MAXWELLIAN ELECTRONS EMITTED FROM A PLANE SURFACE IN
0006 C THE PRESENCE OF UNIFORM ELECTRIC AND MAGNETIC FIELDS. THE
0007 C SURFACE IS IN THE (X,Y) PLANE.
0008 C
0009 C DATE IS A 10-CHARACTER USER~-SUPPLIED DATE FIELD.
0010 C NKSES IS THE NUMBER OF CASES TO BE CALCULATED.
0014 C NDEUG IS A PARAMETER GOVERNING EXTRA OUTPUT FOR DEKUGGING
0042 C PURPOSES. IF NDBUG > 0,EXTRA OUTPUT OCCURS. IF NDBUG > 1i,NDEUC
0013 C RATHER THAN ONE ELECTRON OREITS ARE FOLLOWED.
0014 C NALFA,NPSI, AND NTH ARE THE NUMBERS OF VALUES OF ALPHA, PSI AND
00iS C THETA (IN DEGREES) TO BE READ IN.
0046 C NEPS IS THE NUMEER OF VALUES OF EPS TO BE READ IN.
0017 C NTAU IS NUMEKER OF (DIMENSIONLESS) TIME INTERVALS PER ELECTRON
0018 C GYROPERIOD.
0019 C MINT SELECTS METHOD OF INTEGRATION.
0020 C THE ANGLES ALPHA AND PSI DEFINE DIRECTION OF THE ELECTRIC FIELD
0024 C VECTOR E.
0022 ¢ ALPHA IS THE ANGLE BETWEEN THE -E DIRECTION AND THE
0023 C SURFACE NORMAL (THE Z AXIS).
" 0024 € PSI IS THE ANGLE BETWEEN THE PLANE
3 0025 ¢ CONTAINING THE Z AXIS AND THE -E VECTOR, AND THE (X,Z) PLANE.
e 0026 C THETA IS THE ANGLE BETWEEN THE MAGNETIC FIELD VECTOR, WHICH 1S
e 0027 C ASSUMED TO BE IN THE (X,2) PLANE, AND THE SURFACE NORMAL.
0028 C EPS 1S DIMENSIONLESS ELECTRIC FIELD STRENGTH, DEFINED AS THE
0029 C POTENTIAL DIFFERENCE ACROSS A MEAN EMITTED-ELECTRON GYRORADIUS,
0030 C DIVIDED BY THE EMITTED-ELECTRON TEMPERATURE IN VOLTS.
0031 C DVX,DVY,AND DVZ ARE STEPSIZES FOR INTEGRATION OVER DIMENSIONLESS
0032 C VELOCITY. *XXWARNINGX%X:THE RESULTING VALUE OF NVZ MUST RE NO
0033 C LARGER THAN THE DIMENSIONS OF VZ,KNEGZ,KMIN,KESC,ZMIN,AND VZLIM.
0034 C
0035 DIMENSION VZ(100) ,KNEGZ(100) ,KMINC100) ,KESC(100),ZMINC100),
0036 {VZLIM(100)
0037 DIMENSION X(364),Y(361),5PARL(361),SPERP(361)
0038 DIMENSION QSIV(364),ETAV(361),STOR(361)
0039 DIMENSION TAU(361),CSTAU(361) ,SNTAU(361),2(364),D2(361)
0040 DIMENSION FLUX(181)
0044 DIMENSION DATE(S)
0042 DIMENSION ALPHA(91),PSI(181),THETA(181),EPS(40)
0043 DIMENSION ITIME(S)
0044 C
0045 PI=3.1415926S
0046 RTPI=SQRT(PIL)
0047 TOPI=2.0/P1
0048 TORP=2.0/RTP1
0049 READ(7,10)DATE ,NKSES,NDEUG
0050 10 FORMAT(SA2,315)
00S4 DO 1000 KASE=1,NKSES
Ly 0052 C
e 00s3 ¢ READ SYSTEM CLOCK.
% 0054 C
K- 00%S 12 ICODE=14
Lo 0056 CALL EXEC(ICODE,ITIME)
Yo 0057 FCENS=ITIME(1)
i 0058 FSEC=ITIME(2)
o 0059 FMIN=ITIME(3)
o V060 FHR=ITIME (&)
2 00614 FDAY=ITIME(S)
300 0062 C
< 0063 IF (NDKUG .GT 0)READ(7,120)HALPH,KPSI ,KTHTA, KREPS, BUXIN,BVYIN,BUZIN
i
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0064
006S
0066
0067
0068
0069
8070
0074
0072
0073
0074
807S
0076
0077
0078
0079
goso
0081
oos2
0083
0084
008s
0086
6087
oo8s
0089
0090
0091
0092
0093
0094
009S
6096
0097
0098
0099
0100
0104
0102
0103
05104
010S
0106
0107
0108
0109
0140
01414
0112
0143
0114
0145
0416
6117
0118
0119
0120
0421
0122
0123
0124
0129
0126
0127
0128
0129

aoo

bt ‘ ot W PR DT
R o AR S TR AR 3R,

160 SNTAUCITAU)I=SINC(TAUCITAU))

READ(7,110)NALFA,NPSI ,NTH,NEPS,NTAU,MINT
110 FORMAT(6IS)

READ(7,120) (ALPHA(I), I=1,NALFA)

READ(7,120)(PSI(I),I=1,NPSI)

READ(7,120) (THETACI) , I=1,NTH)

READ(7,420) (EPS(I),I=1,NEPS) .

READ(7,120)DVX,DVY, DVZ
120 FORMAT(7E10.3)

IESC=42 GIVES FORM FEED ON H~P PRINTER. »

1ESC=12
WRITE(6,125)IESC,DATE ,KASE
125 FORMAT(A2,1X"FLUX OF SECONDARY ELECTRONS ESCAPING FROM A SURFACE I
iN UNIFORM E AND B FIELDS. ",5A2,* , CASE“I3)
WRITEC6,130)NALFA,NPSI,NTH,NEPS,NTAU,MINT ,DUX,DVY,DVZ
130 FORMAT(/* NALFA NPSI NTH NEPS NTAU MINT*,7X*DUX*,7X"DUY",7X*DVZ*"
1 /1X6IS,3P3EL10.3)
WRITE(6,140) (ALPHA(CI) , I=1,NALFA)
WRITE(6,444) (PSI(I),I=1,NPSI)
WRITE(6,142) (THETACI),I=1,NTH)
WRITE(6,343) (EPS(I),I1=1,NEPS)
140 FORMAT(/* ALPHA®,{P12E10.3)
141 FORMAT(/™ PSI*,1P12E10.3)
£42 FORMAT(/" THETA®,$1P12E10.3)
143 FORMAT(/* EPS",§{P12E10.3)
KPBUG=0
KWEER=0
NUX=INT(9.0/DUX)+1
NUY=INT(9.0/DVY)+1
NVUZ=INT(4.S/DVZ)+§
DTAU=2. 08PI/NTAU |
IF (NDBUG . GE . 2) NTAU=NDEUGSNT AU
NTAUP=NTAU+1
DO 160 ITAU=2,NTAUP
TAUCITAU) =DTAUX( ITAU-1)
CSTAUCITAU)=COS(TAUCITAU) )

DO 164 IVZ=i ,NVZ
161 VZ(IVZ)=DVZR(IVZ-1)

DO 900 IALFA=1 NALFA

ALFA=ALPHAC(IALFA)SPL/1808 .0

DO 900 IPSI=i ,NPSI

PSII=PSI(IPSI)®PI/180.0

COPS1I=COS(PSII)

SIPSI=SIN(PSII)

WRITE(H,166)ALPHACIALFA) PSICIPSI)

166 FORMAT(//1X"ANGLES DEFINING ELECTRIC FIELD DIRECTION: ALPHA = *

A IPE10.3," DEGREES, PSI = "iPEL0. 3, DECREES™)

DO 800 IEPS=%,NEPS

EPSS=EPS(IEPS) -
EX=~EPSSESIN(ALFA)SCOPS1 .
EY=-EPSSESINC(ALFAISKSIPS] N
EZ=-EPSSECOS(ALFA)
DO 700 ITH=1,NTH i
FETA=THETACITH)®P1/180.0

COSTH=COS(FETA) .
SINTH=SIN(FETA)

EQSI=EXSSINTH+EZSCOSTH

EETA=~EXXCOSTH+EZXSINTH

COA=-EQSI/P1

COE=TOP IXEY

COF=TOPIXEETA

’

SUM=0.0
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\ 0130 DO 600 IVX=1,NVX
e 0131 UXIN=~4 . S+DUXK(IUX-1)
o 0132 UXINS=UXINXSINTH
R 0133 UXINC=UXINXCOSTH
. 0134 DO 600 IVY=i,NVY
‘8 0135 VYIN=-4 . S+DVYX(IVY-1)
‘B 0136 DO S00 IVZ=1,NVZ
o 0137 VZIN=VZ(1IVZ)
"o 0138 VASIN=UXINS+VZINXCOSTH
%S 0139 VETIN=~UXINC+VZINXSINTH
O N 0140 COB=VQSINXTORP
- 0141 COC=TORPXVETIN+TOPIXEY
< 0142 COD=TORPXVYIN-TOPIXKEETA
D 0143 ZMINCIVZ)a-0.0
v 0144 KNEGZ(IVZ)=0
my! 0145 KMINCIVZ)=0
Wy 0146 X(1)=0.0
bt 0147 Y(1)=0.0
0148 SPARL(1)=0.0
0149 SPERP(1)=0.0
5% 06150 2(1>=0.0
b8 0151 DQSI=COE
oy 0152 DETA=COC-COE
0 0453 DZ(1)=DQSIXCOSTH+DETAXSINTH
; 0154 D2ZIN=2.0%COAXCOSTH+CODXSINTH
D 0£5% IF(VZIN.EQ.0.0.AND.D2ZIN.LT.0.0)KNEGZ(IVZ)=2
0156 C
oK 01S7? ¢ SEARCH ALONG AN OREIT FOR A LOCAL MINIMUM IN Z.
- 0158 C
- 0159 IF (MINT.GT.0)GO TO 360
" 0160 COG=2. 0%COAXCOSTH
. 0164 COH=COB%XCOSTH-COEXSINTH
& 0162 COI=COCXSINTH
0163 COJ=CODXSINTH
. 0164 DO 350 ITAU=2,NTAUP
o 0165 QSI=(COAXTAU(ITAU) +COR)*TAUCITAU)
e 0166 ETA=COCXSNTAU(ITAU)+CODX (1 .0-CSTAUCITAU) )-COEXTAU(ITAU)
SN 0867 X(ITAU)=QSIXSINTH-ETAXCOSTH
o 0168 Y(ITAU)=CODXSNTAUCITAU)+COCX(CSTAUCITAU)-1.0)+COFXTAU(ITAU)
o 0169 SPARL (ITAU)=X({ITAU)XCOPSI+Y(ITAU)XSIPSI
o 0170 SPERP(ITAU)=-X(ITAU)XSIPSI+Y(ITAU)XCOPSI
) 0171 Z(1TAU)=QSIXCOSTH+ETAXSINTH
e 0172 350 DZ(ITAU)=COGXTAU(ITAU)+COH+COIXCSTAUCITAU)+COIXSNTAUCITAU)
o 0173 GO TO 380
N 0174 C
“~ 0175 C THE NEXT 25 STATEMENTS USE THE HM-P "VECTOR INSTRUCTION SET" ;
T 0176 C (ARRAY PROCESSOR) TO REPLACE LOOP 35S0, JUST ABOVE, IN ORDER
Lo 0177 ¢ TO SPEED EXECUTION.
ke 0178 C
R 0179 360 CALL VSMY(COA,TAU(2),1,STOR(2),1,NTAU)
e 0180 CALL VSAD(COB,STOR(2),1,STOR(2),,NTAU)
-, 0181 CALL VMPY(STOR(2),1,TAU(2),1,QSIV(2),1,NTAU)
i 0182 C
& 0183 CALL VSSE(1.0,CSTAU(2),1,STOR(2),4,NTAU)
) 0184 CALL VUSMY(COD,STOR(2),1,8TOR(2),1,NTAU)
ey 0185 CALL VPIV(COC,SNTAU(2),1,STOR(2),1,STOR(2),1,NTAU)
. 0186 CALL VPIV(-COE,TAU(2),3,STOR(2),1,ETAV(2),1,NTAL)
g 0187 C
S 0188 CALL VSMY(-COSTH,ETAV(2),1,STOR(2),1,NTAL)
st 0189 CALL VPIV(SINTH,QSIV(2),1,STOR(2),1,X(2),1,NTAW)
oy 0190 C
a5y 01914 CALL VSAD(-1 . ¢,CSTAU(2),1,STOR(2),1,NTAU)
O 0192 CALL VSMY(COC,STOR(2),1,STOR(2),1,NTAL)
i 0193 CALL VPIV(COD,SNTAU(2),1,STOR(2),1,5TOR(2),1,NTAU)
K} ¥ 0194 CALL VPIV(COF,TAU(2),1,STOR(2),1,Y(2),1,NTAU)
\ 0195 C
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b { 0196 CALL VUSMY(SIPSI,Y(2),1,STOR(2),1,NTAU)
. 0197 CALL VPIV(COPSI,X(2),1,STOR(2),1,SPARL(2),1,NTAW) |
0198 ¢ J
- 0199 CALL VSMY(COPSI,Y(2),1,STOR(2),1,NTAW)
': 3332 . CALL VPIV(-SIPSI,X(2),1,STOR(2),1,SPERP(2),1,NTAU) . ‘
» 0202 CALL VSMY(SINTH,ETAV(2),1,5TOR(2),1,NTAU) |
5H 0203 CALL VPIV(COSTH,QSIV(2),1,STOR(2),1,2¢2),1,NTAU) , \
i 0204 C 1 @
: 0205 COG=2. 0%COAXCOSTH ; .
;Q 0206 CALL VUSMY(COG,TAU(2),1,STOR(2),1,NTAU) |
) 0207 COM=COEBX*COSTH-COEXSINTH !
3§ 0208 CALL VSAD(COH,STOR(2),1,STOR(2),1,NTAU) '
A 0209 CALL VPIV(COCXSINTH,CSTAU(2),1,STOR(2),1,STOR(2),1,NTAL)
¥ 0210 CALL VPIV(CODXSINTH,SNTAU(2),1,STOR(2),1,DZ(2),1,NTAU)
% 0211 C
0242 380 DO 400 ITAU=2,NTAUP
R 0213 IF(ZCITAU) .LT.0.0)KNEGZ(IVZ)=MAXO0(KNEGZ(IVZ),1)
N 0214 IF(DZ(ITAU) .GE.0.0.AND.DZ(ITAU-1).LT.0.0)G0 TO 443 ;
I\ 021% 400 CONTINUE i
o 0216 IF (KNEGZ(IVZ).GT.0)G0 TO 402
& 0217 C
W %iiﬁ % NO NEGATIVE VALUES OF Z OR MINIMA IN Z HAVE BEEN FOUND.
q 0220 401 KESC(IVZ)=i :
& 0224 GO 7O 4790 ‘
* 0222 C
R 0223 C NEGATIVE VALUES OF Z HAVE BEEN FOUND, BUT NO MINIMUM IN Z. PRINT
. 0224 C ORBIT FOR EXAMINATION. '
‘o 0225 C
) _ 0226 402 KESC(IVZ)>=0
0227 IF(KWEER .GE.3)G0 TO 470
- 0228 WRITE(6,409)
X 0229 409 FORMAT(/" OREIT DETAILS")
A 0230 WRITE(6,410)
r§ 0231 410 FORMAT(6XSHALPHA,7X3HPSI,SXSHTHETA, 6X4AHEPSS , 6XAHVUXIN, 6X4HVYIN,
12 0232 A 6XAHVZIN)
1 0233 WRITE(4,411)ALPHACIALFA) ,PSI(IPSI),THETACITH) ,EPSS,UXIN,VYIN,VZIN
' 0234 411 FORMAT(1X4P7E10.3) |
0235 WRITE(6,412)(CI,XC(I)>,Y(I),2¢1),DZ(I),I=1,NTAUP)
0236 412 FORMAT(/1X3(SX"I",SX"X(I)",SX*Y(I)",S5X"Z(I)*,4X"DZ(I) ")/
hﬂ 0237 A (1X3(16,4F9.3)))
o 0238 KWEER=KWEER +1 ;
o 0239 GO TO 470
s 0248 C
1 0241 C A MINIMUM IN Z HAS BEEN FOUND. DETERMINE ITS Z VALUE ZMINCIVZ).
“ 0242 C
e 0243 443 KMIN(IVZ)=1
“ 0244 FRACT=DZ(ITAU-1)/(DZ(ITAU-1)-DZ(ITAU))
- 0245 TAMIN=TAU(CITAU-1)+FRACTXDTAU
. 0246 QS1=(COAXTAMIN+COE) $TAMIN '
- 0247 ETA=COCXSIN(TAMIN) +CODX(1 . 0-COS(TAMIN) )-COEXTAMIN
- 0248 ZMINCIVZ)=QSIXCOSTH+ETAXSINTH -
0249 IFC(ZMINCIVZ) .LT.0.0)KMINC(IVZ)=2 '
2 0250 KESC(IVZ)=0
" 0251 IF(ZMINCIVZ) .GE.0 . 0)KESC(IVZ)=1
\ 0252 ¢ .
:~. 0253 470 IF(NDHUG . EQ.0)GO TO SO0
.k 0254 IF (EALPH.NE ALPHA(IALFA))GO TO S00
N 0255 IF(EPST . NE PSICIPSI))GO TG S00
: 0256 IF(BTHTA.NE. THETACITH))>GO TO S00
i 0257 IF (KEPS.NE EPSS)GO TO 500
it 0258 IF (AES(UXIN-EVXIN) .GT.0.0001)G0 TO 00
. 0259 IF C(AES(VYIN-RVYIN) GT . 0.0001)G0 TO S00
3 0260 IFCANS(VZIN-RVZIN) . GT.0.0004)GO TO S00
0261 WRITE(H6,409)
?
2
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0262
0263
0264
0265
0266
0267
0268
0269
0270
02714

0272
0273
0274
027S
0276
0277
0278
0279
0280

028%
0282
0283
0284
028S
0286
0287
0288
0289
0290
02914
0292
0293
0294
0295
0296
0297
0298
0299
0300

0301
0302
0303
0304
030S
0306
0307
0308
0309
0310

0314

0313
0314
0345
0316
0317
0318
0319
0320
0321
0322
0323
0324
0325
0326
0327
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WRITE(6,410)
WRITE(6,411)ALPHA(IALFA) ,PSI(IPSI),THETACITH) ,EPSS,VXIN,VYIN,VZIN
WRITE(6,412)CI,X(I),Y(1),Z(1),DZ(I),I=1,NTAUP)

S00 CONTINUE

KESC(IVZ)=4 OR 0 DEPENDING ON WHETHER THE IVZ'’TH OREBIT DID OR

DID NOT ESCAPE. KMINC(IVZ) > 0 OR = 0 DEPENDING ON WHETHER A LOCAL
MINIMUM IN Z WAS OR WAS NOT FOUND. KLIM IS THE FOUND NUMBER OF
STARTING OR END POINT VALUES VZLIM(1,2,...,KLIM) FOR INTEGRATION
IN VZIN (THE INITIAL Z VELQCITY), FOR ESCAPING OREITS.

KLIM=0
IF(KESC(41) .EQ.0)G0 70 SO01
KLIM=4
VZLIM(3)=0.0
S04 DO Si0 IVZ=2,NVZ
IF(KESC(IVZ) .EQ.KESC(IVZ-1))G0O TO S10
KLIM=KLIM+4
IF(KMIN(IVZ-1) EQ.0.OR.KMINC(IVZ) .EQ.0)GO TO S0S
VZLIM(KLIMI=VZ(IVZ-1)+ZMINC(IVZ~1)/(ZMINCIVZ-1)-ZMINC(IVZ))X
A (VZ(IVZ)-VZ(IVZ-1))
GO T0 Si0

AN INTERVAL IN VZIN HAS BEEN FOUND CONTAINING A CHANGE BETWEEN
ESCAPE AND NO ESCAPE, RUT A LOCAL MINIMUM IN Z IS NOT FOUND

FOR ONE OR ROTH ENDS OF THIS INTERVAL. PRINT ORBIT PARAMETERS FOR
EXAMINATION.

S0S VZLIM(KLIM)=0.SX(VZ(IVZ-4)+VZ(IVZ))
KPEHUG=KPBUG+4
IF(KPBUG.GE.&.0R .NDRUG.ER.0)G0 TO Si0
WRITE(6,409)
WRITE(6,410)
WRITE(6,411)ALPHACIALFA) ,PSIC(IPSI) ,THETA(ITH) ,EPSS,VXIN,
1 VYIN,VZ(IVZ)

S10 CONTINUE

SIGN=1.0

VZSUM=0.0

IF(KLIM.EQ.0)GO0 TO 530

DO S20 ILIM=4,KLIM

VZL=VZLIMC(ILIN)

VZSUM=VZSUM+SIGNXEXP (~VZLXVZL)
S20 SIGN=-SIGN

530 IF(NDBUG.EQ.0)GO TO 600
IF (BALPH . NE .ALPHA(IALFA) OR.EBPSI NE .PSICIPSI))IGO TO &00
IF(BTHTA.NE . THETA(ITH) .OR.BEPS.NE EPSS)GO TO 60¢
IFCARS(UXIN-BVXIN) GT. . 0004 OR.ABS(VYIN-EVYIN) . GT..0001)GQ 70O 600
WRITE(6,540) (I ,KESC(I),KMINCI),ZMINCI),I=1,NVZ)

S40 FORMAT(/iX4(" I KESC(I) KMINCI) ZMINCID ")/

A (1X4(15,218,4P310.3)))

IF(KLIM.GT.0OWRITE(6,550) (VZLIM(I) ,I=1,KLIM)

SS0 FORMAT(/(* VZLIM "4P12E10.3))
WRITE(H6,560)VZSUM

S60 FORMAT(/" VZISUM = "41PE10.3)

600 SUM=SUM+VZSUMREXP (~UXINRUXIN=-VYINXVYIN)

700 FLUXCITH)=SUMXDUXXDVY/PI
IF(IEPS . GT.1)G0 TO 7714
WRITE(6,768) (THETACITH) ,ITH=1 ,NTH)

768 FORMAT(/9X"THETA" ,14F8 4/(20X14F8 4))
WRITE(6,770)

770 FORMAT (" EPS "/)

41
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0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0344
0342
0343
0344
034S
0346
0347
0348
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7714
7?72

800
900

?10
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WRITE(6,772)EPSS, (FLUXCITH) ,ITH=1 ,NTH)
FORMAT(1X1PE10.3,3X0P14F8.5/(20X0P14F8.5))

CONTINUE
CONTINUE

READ SYSTEM CLOCK AGAIN AND PRINT ELAPSED TIME.

CALL EXEC(ICODE,ITIME)

FC2=ITIME(Y)

FS2=ITIME(2)

FH2=ITIME(3)

FH2=ITIME(4)

FD2=ITIME(S)
TIMIN=(24.0%(FD2-FDAY)+FH2~FHR) %60 . 0+FM2-FMIN+ (FS2-FSEC+0 . 03 % (FC2-
A FCENS))/60.0

WRITE(6,910)KPBUG, TIMIN

FORMAT(/63XIS," INTEGRATION LIMIT FIXUPS. EXECUTION TIME " ,F8.2,
A “ MINUTES.*)

1000 CONTINUE

oL (4 ( h Kt AN T PN 28 )
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END
END$
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