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Spacecraft Potential Calculations — A Model

1. INTRODUCTION

The calculation of the potential on a satellite immersed in a plasma is, at best,
a difficult problem. In particular, the accurate prediction of the potential on a
spacecraft in the space environment requires ultimately the simultaneous calculation
of the paths of all charged particles in the vicinity of the spacecraft. In principle
this is possible, in practice it is not feasible and a variety of techniques have been

developed to simplify the problem. L

Although capable of a fairly accurate
treatment both in time and space, these models are limited in usefulness as they
require large amounts of computer time or do not include all of the various current
sources necessary to simulate the charging phenomenon. This report will present
an approximate solution to the problem that yields spacecraft potentials by making
assumptions that are equivalent to the "thick sheath'' probe solution for & sphere.

S by & :
£SOty jnone have included the actual

Though similar models have been developed, £
measured spectra in their calculations. The model and FORTRAN listings (see
Appendix A and B) to be described in this report use actual ATS-5 and ATS-6 data
and are adapted from methods originally developed by Whipple and DeForest.

(See References 1 and 9.) The model, limited somewhat in its range of applicability

(Received for publication 4 May 1978)

(Because of the large number of references cited above, theyv wiil not be listed here.
See Reference Page 25 for References 1 through 9.)
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to potentials of -10,000 V and plasma temperatures between 50 eV and 30 keV,
results in significant savings in computer time over more complicated models.

In the first part of this report the model will be formulated. The individual
current sources are presented and approximations as a function of satellite potentizl
feveloped. The model is calibrated using actual ATS-5 observations of the potentizl.
Two examples wili be discussed in which the model is used to study the effects of
the time-varying geosynchronous environment and of a time-varving photoelectron
flux on spacecraft potential. In Appendix A, we list the FORTRAN programs, and
for the reader new to the field, a brief synopsis of sheath theory is given in Appen-
dix B.

2. MODEL FORMULATION

In solving the spacecraft charging problem we zre concerned with finding the
spacecrzft potential 0 such that

- + + d + 4 =L p= (1)
Jt ch JS(_ si IBN_ Jph 0
where
"‘c = Incident electron current,
Jl = Incident ion current,
Jse = Secondarv emitted electron current due to Je'
Jsl = Secondary emitted electron current due to -J].
J .. = Back scattered electron current due to J ,
BSe e
Jph = Photoelectron emission (independent of Je or JIL
Given the incident ion and electron particle spectra, the currents Je. Ji' J;e. "Esi'
and "lliie are found and adjusted by varying o on the spacecrzft until Eq. (1) holds.
As an example of the calculztion of the currents, consider the following. The 3

number flux, f\'l")"eo. of electrons at 0 spacecraft potential is, for an isotropic

Maxwellian particle distribution,

where




0. Garrett, H. B. (1277) Modeling of the Geosvnchronous Orbit Plasma

Part I, AFGL-TI

m = mass of electron,
= velocity,
n = number density of electrons,

KT = thermal energy of electrons.

(See Reference 10 for details. ) This is equal to Jeo' the ambient current, as

J
S _ “eo
NE s Ll (%)

For no potential, isotropy, and a Maxwellian distribution, Eq. (2) is exact. Once,
however, a probe or satellite is placed in the plasma, the distribution function must
be altered.

To demonstrate the effects of a potentizl, assume by Liouville's theorem

2 1 2
1/2m V =5 m (\V*)™ 30 -
1 A 7 m o

So for a Maxwellian distribution,

-qo/kT_

L & fi{vr)

0=V'==xforqe >0.

For 2 negative potential (go>0),

NF_(0)> = « NF >

-71-0238
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For a positive potential (q9 <0) the result is more complicated

Cel
<NFe(0) > = j (\f‘)t‘ (\n) V|2d \/’I
0
= -q¢ /KT 3
2lqol 172 © €LV viY dvr (6b)
q
=

= = 3 |q I
NI >eo (1 +—LkT )
e
or, converting to current
—c;gt)/kTe
eo =g
Je(¢) = I I
y1a0!
Joo (1 kTe) qb <0 . (7)

At this point it should be noted that Eq. (5) is not entirely correct. In fact, Eq. (7)
indicates that as T-»0, for q¢ <0, J(¢) »®o, The cause of this error is that in Eq. (5)
the detailed distribution function F (Vx, V., Vz), for f (V), should have been used

(see Appendix B). Along a particle trajectory, Liouville's theorem still holds,
- 1 " 1 1 Al 1 It '
F(X, ¥, 4, Vx’ Vy' Vz)-F O AN z.vx(m, Vy(O), \/Z(O)), (5")

where F' is the detailed distribution function at the surface of the satellite, If F is
isotropic, F' is not in general isotropic except as an approximation. Further, the
integration of F', as in Eq. (6), is extremely difficult for now the velocities \'x. Vi
and Vz are related to V‘x, V‘y, and V'z by complex formulas, In our model, recog-
nizing that Eq. (5) is inherently inaccurate, we will nonetheless assume it leads to
approximately correct results (that is, it yields the results for a thick sheath).
Eventually, we will test this assumption by comparing predictions of the model with
actual data.

Assuming Eq. (5) to hold, this implies that the distribution function measured

at energy E at 0 potential is shifted in energy by + ]qo{ depending on the sign of the
charge and the satellite potential. Figure 1 illustrates this behavior for a NMaxwellian

distribution as measured at the spacecraft. Equating E= 1/2 m V2 gives

3/2 L
£E) = ( :1 ) (=) e-.,/kT
T

(8)




S0
In (F(E)y=aE +b
where

a= =1/kT
215

3/2
b:l,nl(z—l‘.'”g) (T;l/'?)l'

hence the linear behavior of L.n (f) vs E.

Figure 1, Particle Distribution
Function f (assumed to be NMaxwellian)
vs Energy E For Various Spacecraft
Potentials

Ln f(E)

For a positive (negative) spacecraft potential and for ions (electrons), the par-

ticle distribution function is shifted to the left by energy 'q0 as shown in Figure 1.

Particles with energy less than 'rm' do not reach the spacecraft. Similarly, for a
negative (positive) spacecraft potential and for ions (electrons), the particle
listribution function is shifted to the right by energv q¢ . Since no particles exist
with E <0 initially, the region 0 to 'qo' is void of particles,

Given the proper integration limits, the problem of calculating .l(., "I' .I\_(._ .1\4[,
and 'THHP is reduced to replacing f (E) by exp ( f (E). In the following S(*;‘tinzus
the integrations leading to J , J., J_ , Jaqs

e I se g |

: and 'IH.\'l- will be performed using this
replacement. Therefore, within the accuracy of the assumption of Eq. (5) (or,
equivalently, the thick sheath approximation), these calculations reflect the actual
currents to the spacecraft,

Once the currents to and from the spacecraft as a function of ¢ are known, an
iterative procedure in which the spacecraft potential is varied is employed to fina

0 such that Fq. (1) is satisfied. A FORTRAN program for accomplishing this is




given in Appendix .\ along with various programs for calculating the necessary
currents. Input is required in the form of the differential energy flux spectrum

(obtained for an electrostatic analyzer by multiplying the count rate by a constant)
versus energy (62 steps plus one for background corrections are employed in this
version). Details of the actual programs, data filtering steps, and extrapolation

are covered in the appendices.

3. ELECTRON AND 10N INCIDENT CURRENT

In Eq. (6), the formulas necessary to calculate the incident electron and ion

The ATS-5 satellite, how-

Instead of the distribution function as a

. 2 1 (EF)

lifferential energy flux, — .

d (EF) __ !aL :
-0 ratherthan

currents are given in terms of the distribution function.
ever, employs electrostatic analyzers.
function of energy, these detectors return the
Thus, it is convenient to express the integrals in terms of F and
f (V) and V.

p ; - d (EF). :
F'he conversion from f to — 1S given by

iE

2
d (EF) 1/2 m”~

S qQ
. - e : : < . 3y 6 d(EF) .
where the conversion factors (K_ and K.) are, if f is given in sec” /km , o in
5 = I %
ergs/cm”-sec-sr-eV, and F in eV:
Ke = 0. 1617 for electrons (9b)
K[ = 5,45 X 105 for ions (9¢)
This gives
* d(EF) | dE
NELS = a bk ar
{NF, X, fo = | ¥ (10)
e
“ d (EF dE
SNE. N 2 F O ——
I I 0 1E I 1 o

where the results are left in terms of the number flux rather than actual current

density J (remember only a multiplication by q7 is required), The values of

- %;-)are shifted in potential before the integration by utilization of Egs. (5) and (9),
In the actual case an interpolation is necessary as the desired value of B (ﬁ‘f) fo
== d{EF)

the shifted spectrum usually does not correspond to an observed value of

dE




As the ATS-5 data are for discrete energy bands for the range 51 eV to 51 keV, the

i integrals become sums (dE becomes AF) over this range. Results indicate that
these approximations are adequate for a range of 50 eV to 30 ke\ in temperature

and 500 V to -10, 000 V in potential,

4 SECONDARY EMISSION CURRENT

Electrons and ions striking the satellite surface are either scattered off the
surface or cause the emission of low energy, secondary electrons, Secor fary
emission is usually given in terms of the incident differential current dens. v,

dJi . This current density is related to d (EF) by

(I[
;.  qr 4 (EF) .
~ (']_—‘E = T‘ ‘—'(IE ’

(the q7m factor will be dropped in future discussions),
For secondary emission, the amount of secondary current emitted for a siven

incident flux is expressed as a ratio 0 (E),

dJ  (E)

6 (E) = I = (12)
e ]_ -

where

6(E) - the yield function,

d.Is

L the differential secondary current density,

&

—-(El:- = differential incident current density ,

The energy spectrum, g(E'), of the secondary electrons is approximately independent
of the incident particle energy and, for aluminum, is given in Figure 2, ; Multi-
plying g(E') by the secondary current density J(E) gives the differential current

density of secondary electrons due to particles of energy E as

dJ (E', E)

E(E').Tg (E) . (13

€




RELATIVE NUMBER OF ELECTRONS (%)

—

1 1 1 1 1 1.
(¢} 2 4 6 8 10 12 14 16 18 20
SECONDARY ELECTRON ENERGY (eV)

Figure 2, Energy Spectrum For Secondary Electrons

From Egs. (11) and (12)

4. (E) i Y
e B 5By AER)
= 0E gy = B A

This implies that the total current density is given by,

The energy spectrum

electrons is

@ Qoo e s
dE' | dE ‘u(#wr—) ’
p 3 )oMGNO)

t

Cor o d o (dI(EY E))
dE jo dE qp  —qpr—

o0
agr [ ap MEE) Js B)

0 dE
© dJ_(E) dE
g (E') dE! fo e

o dJ.(E) dBE
g(E) dE' [ 6(E) “lﬂ—r—‘
o ;

«“ ~
g(E)dE' | 6(E) ["SEF)] %L ;
0 1E D

~0 if ¢ is greater than ¢« 2 V (all the secondary electrons are attracted)

b is negative, To the order of accuracy of these calculations

14

g(E') peaks sharply at ~2 eV and thus for ions and



[ - g (E') dE' will be assumed = 0 for ¢
‘0 :
by Whipple

> 0 and i for ¢ = @,

0 (E) is approximated for electrons impacting

=

& (E) =~ 0.018 eF/8:31
e

E = 20 e)

0.786 l”:"']O B~ 823

From data presented

on aluminum by

(16)

20 eV < E < 100 e\
0.18 sin [ 7 (log,, E =2.)] + 0.75 100 eV < E < 10° eV
.18 sin | 210 . :
, G S o
-0.45 (log () « 2.1 107 eV < E £ 2% 10" e\

~F /288
0.34 o~E/28800

2X10° eV <

The actual curve is shown in Figure 3.

E

RON YIELD
N
T

[ 10 10° 103 104
PRIMARY ENERGY (eV)

10° 106

Figure 3,
on Aluminum

The yield

‘07

Secondary Electron Yield for Electron Impact

function 6 (E) is not well known for ions impacting on aluminum but

a fit to the data presented by Whipp]e1 (see Figure 4) indicates that for H and

for the energy range of interest

5(E) = 0,086

E =700 eV
2 J -4060 - T AR s
§ ~-_\p(m) 100 eV E S 107 eV .

These values should be used with caution.

(17)

.
Note: We are only interested in the energy range 0 to 85 keV in this study. The

actual curve turns over at 100 keV.

15
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Figure 4, Secondary Electron Yield for Ion )
Impact on Aluminum

The yield function 0 (E) for the incident ions and electrons is substituted into
(EF

g li—]l) to obtain the

Typically, the second-

Eq. (15) and integrated using the appropriate shifted values for
secondary emission currents due to the electrons and ions.
ary emission due to electrons results in a current of approximately 25 to 50 percent
that of the incident electron current while the secondary emission due to ions re-
sulte in an electron current approximately 2 to 3 times that of the incident ions.

As will be discussed shortly, it was necessary to adjust these values to obtain

accurate estimates of the potential.

5. BACKSCATTERED ELECTRON CURRENT

Some incident electrons are reflected giving rise to the backscattered electron
current (the backscattered current due to ions is very small and ignored), Although

simple theories of collisional scattering such as those of Everhart are useful in

predicting t et current, experimental curves for backscattered emission from

7 | 0
aluminum are also available (Sternglass), -~ DeForest’ has adapted these results
to the ATS-5 data. His development, which will be presented here, is similar to
that given for secondary electrons,
11, Fverhart, T.E., (1060) Simple theory yneernine the reflection of electrons fro
solids, Journal of Appl. Phys. 31(No. 8):1483,
Nl
2, 54) Ba scatte Of ilo It el Y solids

16




I'he basic equation for backscattering is

o oc d .!i (E)
] oL | B(E', E) LE (18)
BSe ~'0 o a
where
E' = energy of backscattered particles (E' € E),
I'' = energy of incident particles,
B(E', E) = percentage of electrons scattered at a given

energy I' as a result of an incident electron

at energy I,

1}

‘li(I-i) incident current (electrons in this case),

From Sternglass

B(E', E) ‘_“T.__‘_’ (19)

(G is given as a function of K E''F (DeForest, private communications) in

Figure 5. Numerically, for aluminum

G(K)= -0.925K + 0,925 KZ 0.8,

-0.05 K + 0,30 0.4 s K=0,6,

-0.5K + 0, 12 <054, (20)

(Note: G(K) ~ 28 (1.

)
For aluminum, when B (E', E) is substituted in Eaq, (18), a ratio of ~25 percent for
the backscattered current to incident current is obtained in agreement with other

estimates,

Y

13, Grard, R,J. 1., Knott, K., and Pedersen, A. (1973) The influence of photo-
electron and secondary electron emission on electric field measurements
n the magnetosphere and solar wind, Photon and Particle Interactions
Surfaces in Space, R.J.C. Grard (Ed.) D. Reidel Publishing Co

vith

Dordrecht, Holland, pp 163-189,




") Figure 5. Graph of B(E', E)* E As
S o3 —  a Function of (E'/E) Where
o B(E', E) Is Approximately the
w Percentage of Electrons Scattered
o at a Given Energy E' As a Result
g o2 — of an Incident Energy E
QN —
P e R
(o] 05 1O

Continuing, Eq. (18) becomes

a0 o
5 dE' : E' ~[EY | d(EF)| (dE ’
Ipse * Jo (E ) JI,. [? ('(F) ] —dE |, (T J. (21)
" 3
(Note: 1B and & - 0. 12 for ATS-5)

dEF) |

Substituting the proper values of 3 le in Eq. (21) and performing the

integration gives the total current due to backscattered electrons, Unlike the

secondary electron current, though, the backscattered current is a gradual function

of spacecraft potential. For positive potentials, the 0 integral limit in Eq. (21)

should be replaced by "qo“, the energy shift due to the spacecraft potential.

6. PHOTOELECTRON EMISSION

Light, particularly in the ultraviolet, falling on the spacecraft causes the emis=~

sion of photoelectrons, Although the characteristics of the emitted particles and the
I g

processes involved are well known, the actual photoelectron emission from a space-
craft is poorly known, The reason is the variety of materia ‘ pi 100 -
raft surface and the lack of precise knowledge of the solar spect and its inter-
iction with various materials, Grard et (13 \ 1 ‘nr‘ t =




T —

i
1
E
spectrum with the emission characteristics of various substances to » the photo -
electron current as a function of energy. DelForest (privats ommunication) has
leveloped an algorithm that ipproximates their results. It zives the photoelectron
urrent as a function of positive spacecraft notential (for negative potential all of
the photoelectron current leaves the spacecraft), It is
ol O 5§58 (22)
ph
Values for ,5““ ire given in Table 1, From this table it is clear that estimates of
J range over an order of magnitude, Fortunately, most examples of char in
no <.
that we will be concerned with involve shadowed surfaces in which case . 0,
DO
The charging model will, however, in conjunction with act 1al data, be used in a
later section to estimate the value of i“” appropriate to ATS-5,
Table 1, Values for ]
Do
Author Saturation Current (n A/em”)
Grard et al L 1. 20 (Alumrinum oxide)
3.00 (Indium oxide)
0.40 (Graphite)
DeForest’ 0.82  (ATS-5)
\\-’hipplel 3.00 {(Rocket -aluminum)
7. COMPARISON WITH DATA
The ultimate check of any model is how well the predicted results compare with
actual measurements. The basic set of data will be spectra from ATS-5 for periods
immediately before and after entry into the earth's shadow and for periods immedi-
ately before and after exit fron. the earth's shadow. These periods were selected ’

as they can be used not only to study large potential variations (on the order of

~6 kV) but also to calibrate the photoelectron flux., Table 2 lists the eclipses studied

and the observed potentials during eclipse.




Table 2. Eclipses Studied

Date [ hid g Potential
1969 22 Sep 0629 -3400
0731 -3810
16 Oct 0627 -5360
0711 -3810
1970 12 Sep 0631 -2420
0718 -1730
15 Sep 0626 -877
0721 -1540
17 Sep 0623 -5380
0723 -3040
19 Sep 0620 -2720
0724 -1940
26 Sep 0724 -2170
17 Oct 0630 -1230
0659 -2170
18 Oct 0633 -397
0650 -316
19 Oct 0640 -396
0648 -558

ATS-5 does not consist of a single material nor can it be said to be spherical
in shape (a tacit assumption in the preceding analysis). However, keeping to the
spirit of a ""simple'' charging model, the satellite was approximated as an aluminum
sphere. Figure 6 shows the results of these calculations. The discrepancies be-
tween observed and predicted potentials have been corrected by adjusting the cceffi-
cients of the secondary emission terms to give a best fit in a least squares sense
(the backscattered flux correlates so well with the incident electron flux that deter-
mining its coefficient is somewhat difficult as it may reflect slight errors in the

actual measurement of .I(_'. For correction factors of 1,3 (']%e)' 0. 55 (J_.), and

sl
0.4 (']BS)' the results have a standard deviation of + 800 volts. It should be kept in
mind, though, that the mndei iz based on several assumptions and, considering

these, this agreement is quite good.
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8. MODEL APPLICATION

The model has been developed for two purposes, First, combined with the
geosynchronous plasma model developed by Garrett, 5 it can be used to predict
potentials on spacecraft as a function of the geomagnetic index Ap and LT, the
satellite local time. It also is employed to calculate the potential on a spacecraft
as it passes into and out of the earth's shadow.

Figure 7 plots the potential variations predicted by the model for the geosyn-
chrous simulation model of (;arrettm for moderate geomagnetic activity (A = 120)
and high geomagnetic activity (A_ = 1656)., That simulation gives a ''2 Maxwellian

fit" to the plasma such that the distribution functions are for electrons

et )'3/2 -E/T1
e e e

fe (E) = 27.2 (Nle (’RTO‘O'

(Tz )‘3/2 -E/T2
(5 e e
e

9
1000 (23a)

+ N2

and for ions

I

6 ('n )'3/2 -I{/Tll
f'_(L) = 2. 14 ¥ 10 (NII m e

( T2, )‘3/2 -E/T2,
+ N2 | 1oy e (23b)




where
N1 ., N2 F P e p )
3 R electron te t ¢ .
[ t

i G . ion tem perat ‘
< i
~4000 ——— R EE—— -y T
!
-3000 e ap-16%6 1
(%)
3 -2000 =
>
|
——Ap=I20 |
-1000 =
o | | l — : :

0 6 12 18 24
LOCAL TIME

Figure 7, Predicted Potential of a Shadowed, Electricallv I=olated !
Surface as a Function of Local Time

I'he distribution functions are converted to differential energy spectra using Eq. (9).

1e spectra are inserted into the program and, assuming no photoelectron current,
the potential calculated. These potentials are the maximum that would be expected
for a shadowed, electrically isolated surface as a result of the ambient environment.
Another use of the model is in the determination of the potential as a spacecraft
passes into the earth's shadow., The eclipsedata described earlier are used to deter-

mine the photoelectron flux necessary to give the observed potential variations a

ATS=-5 passed into and out of the earth's shadow, By varying the amplitude of an




appropriate model of atmospheric attenuation to fit the observed photoelectron cur-

rent, ']po was found. Tbhe resulting value was determined to be 0.4 n A /n:'! \\'h]i‘;‘h
is in agreement with the values in Table 1, The reader is referred to Garrett
for details of this procedure.

Figure 8 shows the observed and predicted potentials as ATS-5 passes into and
out of eclipse on 17 September 1970, The results of the prediction are adequate and
within the + 800 V error but their deviations from the observed values may indicate
either a need to include sheath effects or that the thick sheath, spherical probe ap-
proximation is inaccurate. In any event, this method of testing, by comparing the
observed and predicted potentials as the photoelectron flux is varied, should prove tobe

a powerful tool for comparison with other spacecraft charging models in the future,
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9. CONCLUSION 3

A simple model based on the work of Wl\ipplv] and I)(‘l-'m-v.\t“ has been developed,
The model was calibrated with ATS-5 plasma data. The model predictions for the
potential on a satellite as it passed into eclipse were compared with actual observa-
tions. The results indicate agreement between the predicted and observed values,
The model is used in conjunction with a model simulation of the geosynchrous en-
vironment to predict spacecraft potentials under different geomagnetic and local i
time conditions. The model, after being calibrated, successfully predicts potentials
with + 800 V accuracy over a range of 10,000 V, It includes relevant current terms
and is efficient in comparison with other more complex models, taking ~2 sec per L
potential calculation., A FORTRAN listing of the program is provided in Appendices

A and B. For reference, a simple theory of the plasma sheath is also presented.
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Appendix A

FORTRAN Listings

The solution of Eq. (1), the current balance equation, involves an iterative
procedure with three steps. Once the input data are properly filtered, the interation
commences with a computation of the currents assuming the initial potential to be 0.
The currents are combined as in Eq. (1) and the deviation from 0 current calculated.
Depending on whether the deviation is close to 0 or not, the process is either ter-
minated or a new potential estimated. The spectra are shifted by the new potential
and the process repeats. (See flow chart at end of this Appendix. )

As the determination of the energy, E, and of the corresponding differential
energy flux, (—l-ét—ll » for the electrons and ions is satellite dependent, we will not
discuss this aspect. The program as currently arranged accepts an energy spec-
trum having N steps. The first step is assumed to be 0 energy and contain the
background counting rates. The subroutine listings using this as input follow
Appendix B.

The data from a real satellite are usually not continuous. Subroutine FIL is
designed to take the data, interpolate missing points, drop values below background
or below the satellite potential (particles having energy less than the spacecraft
potential are trapped and do not contribute to the satellite current) and, if desired,
estimate values outside the energy range of the instrument. In the current form the
program ignores all channels having 0 or negative energy flux until the first non-

zero channel is reached, After this channel, all missing values are interpolated

using a linear approximation, If the last channel is zero, it will be left zero. The




yrogram expects N values of the differenti i1l energy flux in array 1 (electrons)

‘)
nd C2 (ions) in units of eV/{em™ -sr-sec-e\V). \ is the satellite potentl
the measurements were made (held in common).
Subroutine SHIFT takes as input ¢'1, CZ2, and L. It also needs the number of

points, M, and the satellite number (important only for A I'S-5). The potential
which the spectra were determined (that 1s, spacecr ift potential) is V5. The
potential to which the spectra are to be shifted 1s V0. The new v tlues of C1 and C2
ire found by first determining the energy in the unshifted spectrum corresponding
to the new, desired (shifted) energy. S1 (or S2), the shifted value, is determined
by interpolating between the values of C1 (or C2) corresponding to the cnergles
bracketing the unshifted energy. Using Liouville's theorem, this interpolated value
is shifted to the new energy, E_, by dividing it by the square of the ratio of the

unshifted energy, L o to the new energy
L
ST (B h=rCl B b GE S e, (AL)

The results of SHIFT are input to subroutine DIFI where the individual currents
ire caleulated. The incident currents due to the electrons (FE) and ons (FI) are

caleulated in TOTAL according to Eq. (10) and returned in X(1) and X(2) (a1l cur-
2 b

)
rents are in n/(cm -sec-sr) rather than n A/em™). TOTAL requires function

D(E, 1), where E is the energy array and I is the encrgy step for which D is to be

found., D is the r :tin%. A E(1) is the energy channel width for a detector.
\lthough function D is satellite dependent (as an example, on ATS-5 A E LR =00 1205
it can be generalized if the number 63 in card 16 is change I

The backscattered flux is calculated in BACK. The total current, assuming 0
or negative potential, is returned along with the backscattered current as a function
of positive potential (DBSE). Similarly, the secondary currents due to the electrons
(SEF is total) and ions (SPF is total) are returned in X(1) and X(2) by subroutine
SEC. The photoelectron flux is calculated in DIFI sccording to Eq. (22). The back-
scattered current is returned in X(5), the secondary current due to electrons in
X.(3), the secondary current due to ions in X(4), and the photoelectron current

in X(6).

s not accurate above 100 ke\l.,

I'he secondary flux due to ions




INPUT:
HEF) . o
g

1000 \
0\

, ==20, 000 \

: v (GCEE)
SHII l—r”—:
BY 9

CALCULATE

“Se’ 'J.\'l'

¥ BS’ Jph()

= + + + ) 2 O
( TemUrtdset I + Ips* Jong D

S TCOF




Appendix B

Sheath Theory

The measurement of the characteristics of a contained plasma in the laboratory
is, in conception, quite simple. Basically, a probe (a wire for example) is placed
in the plasma. The potential on the probe is varied and the resulting current
measured. A typical current vs voltage curve is shown in Figure Bl. As in most
respects, the probe problem is identical with that of a satellite immersed in a
plasma, our discussion will begin with a description of probe theory.

Qualitatively, if the ion and electron plasma populations can be described by a
Maxwellian particle distribution, Figure Bl can be readily interpreted as follows.
Referring to the figure in region A, the ion current is collected and the electron
current repelled if the probe potential is negative. In region B the electron current
is only weakly repelled by the probe potential. At the border between region B and
C, the ion and electron currents are, in fact, equal (this corresponds to the space-
craft charging problem). In region C the electron current dominates the ion cur-
rent (Note: as the electrons are 1800 times less massive, for the same cnergy they
move —~40times faster than the ions so the electron current is ~40 times larger),

In region D almost all the ion current is repelled and the electron current saturates.
The exact curves for all these regions are dependent on the temperatures and den-

sities of the ions and electrons.
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2

L o ’
.-—‘g- = -ln}q] (“i "u) ¥ (B2)

ax”

where

n; - number density of ions.

Substituting in for n.(n.(x) * n ) and n , for smull~—(3.l—‘Q
11 o e klC
lal
d2 . e
——-?—:-411|q|n (1-e )
dX =
zamlaln, (lalo/kT ). (B3)
Thus
-(x/AO)
0=0_ e (B4)
o
where
/92
krr : 1/ -
- = = Debye length,
(0] =
47 q n
O
O = potential at plate surftce .

This distance (the Debye length) is the distance from the probe over which the probe
potential is attenuated by 1/e and is the distance over which the probe potential
disturbs the plasma. This is usually called the sheath region.

The sheath region around the probe, particularly if it is large, can significantly
alter the shape of the curve shown in Figure Bl. Within it, particles are influenced
bv the changing probe electric field and detailed single particle orbit calculations
are often necessary. In space the number densities are quite low (< 100/<-m3) and
the temperatures often on the order of 20 ke\' making the Debyve length (or, approxi-
mately, the sheath region) on the order of tens of meters. The bldsm:: is, however,
collisionless—somewhat simplying the computations.

The effects of particle orbits within the sheath can be seen in the following.
Assuming a thick sheath (that is, that ,\0 PERELS where rg is the radius of the satel-

v . : 4 b Sy : : 1 2 :
lite), consider a particle having initial kinetic energy  m \o and approaching the

probe within a distance r. Then, by conservation of energy and angular momentum




1 2
zmV " +aqp (r),

where the qo is the potential energy (0 at infinity) ind m is the mass of the particle.

Solving for the impact parameter R

2 9
RT = 1" (L - g6 {r)) (136)
2
m \ 5
(———2——)
Therefore, the total current density at the surface of a spherical probe of radius r

is, for a monoenergetic particle population, approximately

1 -
Je—% = J (1 -90 ) (BT)
47 r ° 8 S
S m \
(——)
where
o \u
"I() S g
471 R

the current per unit area,

1"

= ambient density at R.

This follows as any particle which would normally pass through a volume of
radius R would, in the presence of a potential ¢, pass throughthe volume of radius
r_ ssumed to be the spacecraft surface). This would give a current I = 47 H;3 .l“
at R.

For a Maxwellian distribution, Eq. (B7) becomes

]
J=2 = J 1+ 1980,

\ (6} k'L

5 1 2
where kT has replaced 3 m \ . and
< (
>

1/2

See Fq. (1) in Reference 10.

15. Chen, F.F. (1965) Electric Probes, Plasma Diagnostic Techniques, R. H.
Huddestone and S. L. Leonard (Eds.) Academic Press, Inc.,
New York, New York, pp 113-200.
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This result is only applicable for /\o >> v the thick sheath approximation, and for
a sphere (see Chen'? for details of this development).

These results for the spherical thick sheath approximation are equivalent to the
model presented in this report. As described, explicit assumptions about the nature

of the ambient plasma-spacecraft interaction are made that result in an expression
{Eq. (7)] identical with that for a spherical thick sheath.

Finally, as discussed in detail in Reference 10 the plasma distribution tunction,
B, Y, Z, Vx. \/y, \‘2) (where X, Y, Z are spatial coordinates and vx, \'y, VZ
are velocity components) is the conventional basis for describing a space plasma,
This function was simplified by assuming an isotropic, collisionless plasma which
gives:

B, ¥ 2, \'x, Vy’ VZ) d xdy dz d\'x d\,'y dv 55 1(X,Y,Z,V) dx dy dz (47 \'zd\')

where

As discussed in the text, this is an approximation and must be used with care,




THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COFY Eu(\:‘lul.bu TC LG

SUBROUTI #S JIF1(C14C2,E 9XgNy ISAT,V)
— DIMENSYYW XUBY " > = . =
DIMENSTON C1(63)4C2(63) ,E(63)
TPTF UL Y LSEFBIT,SPFIR3T,DBSFIELY ,BSIRGY —
COMMONZ! U43/M, IST
T CONHON7 " WI75F i
IST=ISAT
—W=N O s
PTT=PF
T GALE TOTETCIWEZ FE kLY = =
CALL BA ¥(5,21,0BSF,8S5)
TFIV.GT 0.0 &3
3 CALL SEZ €¢,C1,C2,SFPT,SFET,SPF,SEF)
BSS=351~Y e e ST W ¥ e
GO TO &

DO 5 I=?,53
IH=1
IHL=I-1
T IFUV.LT, FUTHY LAND.V.GE.EVIALYY 6,5
5 CONTINU
& BSS=BSTTA G . T S
IF(V.LE. F(2)) BSS=BS(2)
PIT=PE/ VW7 7T¥#1.T¥¥2 5
b X(1)=FE
XU2V=FT i o i R
X(3)=SF" T
XTGYI=SF°T" o PTG e e
X(5)=3SS
X({b)=PTT
00 FORMATI(7 (2X,E10.4))
— RETURN )
ENO
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THIS PAGE IS BEST QUALITY PRACTICARLE
FROM COrY FURNISHED 10 DDC

el

SU3RIUT M SHIFT(CL,C24b951,52,¥0,4,1SAT)
DIMENSTIN T101),C201),E(1),51(1),S2(1)
CIMMONZ "t"™ 37 MM ,ISS
CIMMONZ V P_TZVS
PHDI=1
RYNF=1 - . -
MM =M
ISS=ISA°
V=Vi1-VvSs
SLEtL)Y=57¢11=0
c ELECTRNI"
BT TORIGIENAT INERGY REFORE SHIFU IS € - =
70 1 N= MM
EE=E(N) -V
IF(FE.L. «Z(2)) 2,6
2 S1INY=D
G T9 1
T FIND FLY AT EE Lo S S i A =
6 D9 3 I=3+44
o=
IHL=I~1
TF(EELT WTUIH) JANDSLEESGELE(IHLYY 4,3
3 CONTIN')
i G UET=CL TV Y+ TCLCIRI-CITIRLIT P TEE=ECTIHLITZ(ETTHY =T (THLY)

c A5 DIST T3)TION FUNCTION LONSTANT IN PHASE SPANF =
i ST (N)=TZ TFEIN)*ETN) Z (EE*EL) i )
1 CONTINY
C TAONS =T X
() ORIGINA. =ZNzRGY BEFORE SHIFT IS =P
R TP RSP 3 e R e N e e
EP=EIN)- ¥V
S ICTEPJL le=12) ) 12416 1 S 20
12 S2(N¥=9
e T, - i i) g
c FIND FLuy Ay ¢P
Bl (5 079 1) 1 T e R e e e T e e U st
IH=1
S5 T.IL:]’:} i e R ¥ - SEle B R i e R e e AR
IF(FP LT e (IH) dANDsEPGEE(IHL)) 14413
B - S SRR N T T e e s S e

14 SET=C2 (I H I+ (L2(THI=C2(IHL) I *(EP=E(THL))/Z(ECIHI=F(THL))
T 05 UISTR BUTTUN FONCTION CUNSTANT IN PHASE SPACE =~ -
S2(N) =7 'TEE(N) *E (N) /7 (EP*EP)
T B CIONTINDE e B A A e e S S P T 1 = 0 o,
Nd) 15 1=263
ARSI e et sRCEYSEOR - o o L
15 IFL52(T) . Telel) S2(I)I=00
S3EYORN o e g o
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THISPAGEISBESTQUALITY?RACTICABLE

FROM COPY FURNISHeD TOLLC

SUBROUTTH: TOTAL (Ci1, C2y FE, FP,E)
C CALCULATE ifrA_ ELECTRON, FE, ANO TOTAL IUN FLUX, FP,
C GIVEN C1 AT 32

DIMENSTY M E(1)

DIMENSTIOY* C1(1), C2(1)

FPFE=0,T e o Bitie i
C SUM FLUXES

DOTL11 T2453

FP=FP+C (([) *D(E,I)

111 FE=FE+" (1) *0lELWD

C CORRECT FO :IN)S .
T~ " FOSFP¥S,. FUCZUZT+TZUBITIYUTE, TT ~
c FE=FE#3. *(52(2)¢C2(63))*D(E,I)
C
c

FE=FE+1.7(0212)%C2(6 311 *0TE, I
FO=FP+1 *(C2(2)+C2(63))*0D(E,I)
RETURIN X S T
END

FUNCTION J(Z,1I)
S (1)

COMMON/N 143 /N, ISAT
T C ~ SETUP T (T ENERGV/ENERGY
K=T+1
ITFIR.ET. M= TENT-EIN-LI ¥ 2. Z(EINT¥FECN=-00
IFIK.EQ. M) 5) TO 30
TFTR.3T. M J=0
IF(K.GT .M GO TO 30
TFUT.ET. 2 J=TE(RKI-ETIT Y * 2. ZVETRTFEVITY
IF(I.EN.2) 50 TO 30
J=1-1
D=(E(K)=-F(U))/(2.%E(CI))
T DEZLFE T =S (VTR ETKISECIT T ZUEGRY SECIIT*ECIY

IF(ISAT.Fl.5)0=,12

TF{ISAT ., F1.5.AND.N.NE,3T0=. 24

30 CONTINUF
RETURIN
END
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THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COFY KUl :

Louliy TO DBC

SUBROUT N BACK(E,C1,U0UBSF,8S)
"C TALCULATES TWTIGRALS OF BATK-SCATTERED ELCECTRONS GIVFN
C ELECTRON FLIX 31
T DIMENST) " TITIV, RIUG31,BS5164) ,U8SFUEL],WI63,A3),FIR3)
BS (6k) ="
U7 &% 1=7,53
DO &6 J 1,63

IF(FK e.Te.8052,53
— B¢ IFWFK < T ®I5%:5%% — ~—  —— — P
S4 IF(FK e.Teolt)57,58
T 53 F= FR¥U 325%FK#.925) 3 GU TU 51— = i
55 F=FK¥(=- 'T253*FK+.765) 3 GO TO 51
58 F=FK*{ "5 *-K¥.30) 3% GU TO 5T S i
57 F= FK®*( F*F( +.,12)
-~ Sy WLy ey e o

DO 101 .! = 2,63
T =65=0 G IS5 Tl T = ——iaas
SUM = 0.

TFUIP.GE 54T GU TU IU3
DO 102 J = IP,63
I0Z SON = SUR & WUhLryJeerar o ————————
103 D3SF(IY = SJUM
TUF BSUD = 35 UIPTROBSEI*OVEST —  ———————— ————-
RETURN
END i = -

SUBROUTI M SEC(E,C1,C2ySFPT,SFET,SPF,SEF)
C TCALCUTATE S¥COVDARY ECECTRON FLUXES GIVEN PARTICL: ENFFGY
C E, ENERGY “lJXZIS C1 AND C2.GIVES FLUX SFPT FOR IONS ANN
C SFET FOR E_FCTRORNS i L
c GARRETT

FTIT, CITIT, CZ2TIT, SPF(h3Ty; SEFTE3T
SFPT=SFE T=0.
00 105 "1=2,b63
C COEFFICIENTS F)R IONSS
GAM=,T08% e g
IFCECT) 5T .700.) GAM=5.*EXP(-4060./(E(I)#300.))
SPFUIT=GMA¥;2TI)
SFPT=SFPT+SIF (I)*D(E,I)
, S — -

PI=3.141"3

TFUETIV. TE.20.) GAM=. UIB*EXPTE(IV /8. 317 5

IF(ECIN. T.20.) GAM=.786*ALOG10(E(I) ) =-.823

TFTETTY .7 . I70.) GAM=,18*F =7 3

IFCE(I) .57.1000s) GAM==.45%ALOGL0(E(I))*2.1

ITFTETTY.ST.2T000.Y  GAM=.34¥EXPU=E(TIV72BBU0.Y

SEF(I)=,A4*21(1)

SFET=SFE WS F({IT*¥O(E, I} JragE i -
105 CONTINU"

RETORN

END

e
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THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURNILSHED TO LLC

SUBROUT TVT FTL(C1,C2,EyN)

5 GIVFN T M T2, SHMOOTHS SPECTFA WHERE TI AND C? WRE FLECTRON

C AND [ON ©N F3Y FLUX IN EV/Z(CH**2*SR*SEC*EV)

C  EXPECYS 1 1) GE BACKGROUND "AND TOUNTS IN 2 THRU N —
DIMENSTIN 21(1),C2(1)

- TTMENS T Y =TT o ] i
CIMMON/! C_TsV

— 00 BN s oo Nl i 3 -

C COPRIST FN? 3IAIKGROUND

e B 05 L) 9 TR 0 00 B B Y e e i TR -
24TV = F2T)—C201)

[ %5 CHRR- .1 AN T IFSATIVE VATUES s i s e N SR m T e
IF(CL(I) «.T.0,)C1(I) = 0,

B L R R A TSR R B e e R T

& IF POTENTT' ! TS NEGATIVE, ICN COUNT RATES 0 3ELOW POTENTIAL
D NV o PSR e v IR ) i e i R e
(o IF BEOTENTTI " IS FOSITIVE, ELECTRON COJNT RATES 0 RELNOW POTENTIAL
TF T STV CItIY=0.0 f 5 .
11 CONTINY

~C  INTERPOULAY 7 VALUES SO T =T B e T, ey
L=N=1

—_— S e
GO T2 &
TFEL2Y.TT. VIGO0 10 & T T e (e
IFCCL(2 =EQe0.,0) 3,4

B = T T O S e T A S N RS T R TR e
TELCLIAI) E Va8 40) GOl TO &

i 0 1 e ) S W R - i - o

4 J=?

{0 TR 719 =3 T LTINS e L - E e ST - ol

TE (EC2Y « 1T« ~-V)YGO TO 6
T FEEZe2F s O iU 5y S e 5 T

5 J=J1 .
= JFEC267F E0. U GO T 5 R - F -
czt2y=C2 u)
B DT 8 I=3 oo = = e s
IFC(E(T) +\TV) GO TO 8
e S b 5 el o2 e =
IFICL(I) «EV0.0) 748
vy 7 J=J+1 m % Sy R = SR .
IF(CL(JS) £E7e040s ANDe JeNESN) GO TO 7
GTToT A Mt = TS

CLETII =0 103 )=C 1M * CECEV=EC M) Z (ECJY=E(MI T +C1 ™M)
ATCONTIN]T N T
315 I=3

=1 = » L bl P S
IF(F(IY, 1T.-V)IGD TO 18
T METEECEY as e Uab) Thv kS o SR
17 J=J#1
IECC2UIYeED U0 <ANDG JeNESNYT GO TO 17
M=T-1
C20I0= (T200)=C2 (M) *TEA(D) ~EIM T 7(ECJI) -E(M) T +T2T™Y : s
18 CONTINYU
S - :(‘-T.pl.‘," R e i e A iy ——— -
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