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Effects of a Time-Varying Photoelectron
Flux on Spacecraft Potential

1. 1NTROD1CflO.~

Altho ugh the pot ential between a satellite and the ambient plasm a is usually on
the order of a few volts , the ootential can increase to values as high as -18 . 000 V
on t ime sc ales of a few minutes as the satellite passes in and out of the earth’s
shadow. During such periods , increased arcing occ ur s . 1 For this reason , an
understanding of the processes involved in these rapid potential ~,-aria tions is of real
and in- mediate interest to spacecraft designers . The purpose of this report is to
present a model of these variations.

In order to rr odel the notential variations experienced by a spacecraft as it
enters or exits the earth’s shadow , it is necessary to estimate the changes in the
solar i l luminat ion of the spacecraft . This allows the determination of the photo-
electron cur rent variations and the resulting potential variations . In the f i r s t  part
of the report a model of the atmospheric attenuation of the solar illumination is
developed. In a previous stud y a model capable of estimating satel l i te  potentials
g iven the ambient and photoelectron currents was derived. This model is combined
wi th the attenuation model to estim ate the vary ing spacecraft potential.  The pre-
dicted potentials are then compared with the actual data . The res ult s of this

(Received for publication 10 May 1978)
1. Shaw , R. ft . ,  Nanevicz , S. F . ,  and Adam o, R.C.  ( 1976) Observations of elec-

trical discharges caused by differential satellite charging, AIA A Progress in
Astronautics and Aeronaut les, A. Rosen (ed. ) , 47 :61-7 6.
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comparison indicate a standard deviation of approximately ± 7 0 0  V between the
predicted and observed values. The FORTRAN programs for the model are included
In Appendix A.

2. SATELLITE OBSERVATIONS

Three different satellites served as data sources for the stud y. The geosyn-
chronous satellites ATS-5 and ATS-6 were the principal sources for data on the
ambient plasma environment and on the satellite potential , while the polar-orbiting,
low-altitude INJUN 5 satellite provided information on the photoelectron current .
The reader is referred to DeForest and Mcllwain 2 for details of the ATS-5 instru-
ment , Mauk and Mcllwain3 for the ATS-6 instrument , and Burke et a14 for the

INJUN V instrument.
The ATS-5 and ATS- 6  satellites are in low inclination , geosynchronous orbits.

The ATS-5 satellite is cy lindrical (1. 8 m long by 1. 5 m in diameter) .  It spins at
1. 27 rps with its axis parallel to the earth’s rotation axis. ATS-6 . in contrast , is
essentially a large ( 10 m) spin-stabilized dish antenna. The plasma data were ob-
tained from the University of California at San Diego (UCSD) plasma experiments
on ATS-5 and ATS-6. Both instrument s consist of electrostatic anal yzers designed
to measure the positive ion and electron populations between 51 eV and 51 keV for
ATS-5 and between 0 and 80 keV for ATS-6 .

The ATS-5 and ATS-6 instruments measure the particle flux in 64 channels
(2 back ground channels and 62 energy channels) , ret urning a complet e energy
spectrum in roughl y 15 to 20 seconds. For ATS-5 , the center energy for a channel

is 112 percent of the center energy of the previous channel. For ATS-6 this value
is 1 13 percent . This results in an uncertainty of about ± 5 percent in the energy
(or pot ential) determination.

The ATS-5 and ATS-6 instruments return count rate data which are conve’ted
to differential energy spectra. From the differential energy spectra, the ambient
current s and distribution functions necessary in estimating the satellite potential are
determined. The satellite spectra also indicate the spacecraft potential. Briefly,
the low energy ton (electron) population is accelerated if the satellite has a negative
(positive) potential relative to the ambient plasma. This acceleration produces a
pronounced peak in the low ene rgy ion (electron) channels at an energy in electron
volts (eV) corresponding to the satellite potential in ~o1ts (V) . Thus , ATS-5 and
2. DeForest , S. E . ,  and Mcllwaln , C. E. (197 1) Plasma clouds in the magnetosphere.

J. Geophys. flea., Z.~(No . 18):3587 -36l1 .
3. Mauk , B. H.,  and Mcflwain , C. E. ( 1975) ATS-6 UCSD Auroral Particles Experi-

ment , IEEE Trans. Aerospace and Electronic Systems, AEA-l 1(No.  6) -
1125-1 130.

4 . Burke , W. J. , Donatelli , D. E., and Sagalyn, R. C. (2978 ) INJUN 5 observations
of low-energy plasma in the high-latitude topside ionosphere , to appear in
J. Geophys . Res.
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ATS-6 provide i n fo rm at ion  on both the ambient  plasma and the spacecraft  potential .

The 25 eclipse passages for w h i c h  these quantit ies were determined ar~ listed in

Table 2 .

Table 1. Date and A pp roximate Start and End Time (UT )
of ATS-5 and ATS-6 Eclipses . Potentials immediatel y
following entry and preceding exit from ecli pse

ATS-5 Eclipse Passages

Date E nt ry Pot ent ial Exit Potent ial

22 Sep 1969 0628 -3404 0732 -3810
16 Oct 1969 0626 -5357 0712 -3810
12 Sep 197 0 0630 -2423 07 19 -1730

15 Sep 197 0 0625 -877 0722 -1539

17 Sep 1970 0622 -537 8 0723 -304 1

19 Sep 1970 0620 -2725 0724 - 1939

26 Sep 1970 0725 -2168

5 Oct 1970 0615 -5357 07 19 -3811

17 Oct 1970 0628 -1232 0700 -2172

18 Oct 1970 0632 -397 0655 -316

19 Oct 197 0 0638 -558 0649 -558

ATS-6

28 Feb 1976 2143 -9330 2200 -8140

6 Mar 197 6 2124 -7110 2219 -9330

The INJUN 5 satellite is a magnetically-ali gned , polar-orbiting satellite with
a spin period of 20 mm , a n i ncli nat ion of 81’, an apogee of 24 53 km . and a perigee
of 677 km. Data were used from the Air  Force Geophysics Laboratory (AFGL)
sphe r ical electrost at ic analyzers (SEA) . These analyzers consist of a sphe r ical

tungsten collector surrounded by two concentric wire mesh grids . The current to
the collector grid is measured at 3 or 40 samp les per second. When the ion
collector is illuminated , the resul t ing photoelect ron fl ux is t he dom ina nt sour ce of

the measured current. As the spacecraft approaches the earth’ s shadow , the
photoelectron flux decreases in response to atmospheric attenuation. As will be
discussed , this will allow a calibration of the atmospheric attenuation model.

9
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3. ATMOSPHERIC ATTENUATION

Theory and observation Indicate a linear relation between the  photon flux falling
on a surface and the photoelectron flux emitted by that surface . As a sat elli t e passes

i nto eclipse , t he percent age of th e solar disk th at is vi sible decreases. The pe r-
centage decrease in the visible solar disk is equal to the percentage change in the
photon flux. Give n an estimate of the percent attenuation of the solar disk and of
the total photoelectron current for the unattenuated solar disk , it is s t r a igh t fo rward

to calc ulat e the ch ang ing photoelectro n currents . In this sec tion we estimat e the
attenuation of the solar disk. In Section 5 we will determine the total photoelect ron

current .
The probl em of finding t he per centage of the solar disk tha t is obscur ed as the

satellite passes into the earth’s shadow has two parts—determinat ion of the position
of the center of the solar disk and determination of the atmospheric attenuation . The

two operations can be treated separatel y if the concept of Xm~ 
the minim um ray

pat h alt it ude , is introduced. X (Figure 1) is defined as the min imum distance from
the earth that a ray of light travels in going from the center of the sun to the satel-
lite. The problem of finding the percentage of the solar disk that is obscured re-
duces to that of finding the atmospheric attenuation as a function of Xm and finding
Xm~ 

as seen from the satellite , as a function of time or position in orbit.

E

Figure 1. IllustratIon of the Meaning of x.  the Angle Between the Sun (S) and the
Earth’s (E) Center , X8, the Distance From the Satellite (SAT) to the Center of
the Eart h , and Xm~ 

the Minim um Ray Path
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_ _ _ _ _ _  5 .— - -  -~~~~~ _ _ _

~~~~~~~

. - S - -
S. -  -— S . ‘—~~~~~- -‘ . 

~~~~~~~~~~~~~~~~~~

—- 
S. - -

~~~



3.1 Determination of X10

X is determined as a function of s a t e l l i t e - ea r th - sun  p osi t ion in sp h er ica l

coordinates. ~~tr . one is the determination of the ang le , X , between the  ‘enter of

the ea rth and the sun-satel l i te  l ine (see Fi gure 2) . , is a func t i on  of the la t i tude  of

the sun (60
) and the sa te l l i t e  (O

5
) relativ e to the  earth and the long itude of the  sun

( v 0
) and the satell i te (~~ ) (Figure 3) . The sun is conside red to be at i n f i n i t y  so that

the longitude and lat i tude of the sun relative to a coordinate system based on the
earth-mean sun (or satel l i te-mean sun)  line and the spin axis of the earth are equal
for the  ear th and satellite. Thus , the lati tu de of the sun in the  satel l i te  coordinate

system is (Fi gure 3a)

60(sa t) = Oo (ear th )  . ( 1 )

/

/s
/

E

SAT

Figure 2 . E)etai l of the Measurement  of the Ang le x
(S - SAT - E)

The latitude of the earth (O G
) in  the satel l i te  system becomes (Figure 3h)

6~~(sat) -6 (earth) . (2

S. 11 5.
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Figure 3a . Meridian Projection of the Satellite-Sun-
Ear th System Showing the Measurement of 6~~, the
Solar Latitude , and 6~ , the Satellite Latitude
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If lon g itud e  is r~ ’~’k n p i c ’ ’ I  i n  t h e  s n y l c’ r i i r f - , ’ t i n n  f rom r a n  Icc-a l  nor , r i  i n  t t i r .  ‘ ; a t c ’ l l j t -

and eart h sys t r ’ n s (ra’u n r n h - r , is t h e  sun is at. i n f i n i t y ,  the s a t r ’ l I i t e — r r ~e;iri sun

and “a r t h  — i n  “a ri satel  l i t ”  sun l i n e s  cc pa ral le l) , I I n n  the long itu ir -  of t h e  sun  i n  I he

sa te l l i t e  system is

a0
(s at )  a0 

(ear th)  . ( 3 )

l , ik ewi se . thc ’  long i tude of the earth’s renter i n  the s a t e l l i t e  roordinat e  system is

a (sat)  r~ ( e a r t h)  -1 80’ - . ( 4 )
S

‘Fh uR , the s epa rat i on  in  long i tude  of t h e  sun ’ s ( ‘enter and the ear th’ s center  as ic ~‘r i

f r o m  t h e  s a t e )  l i t ”  is

a a~~( sat )  — a0
(sat )

(a5 (ea r th )  -180 ”) - (v
0

(Pa r th )  . ( 5 )

We now have the lati tudes of t he  sun and eart h in t e rm s  of t h e  sat . c ! l i t e  ~cc,r d inat e
sys tem an d the i r  relat ive disp lacemen t in  longitude . R e f e r r i n g  to l” i~~ii r c ’ 4 , t h e

problem reduces to solving a spher ica l  t r i a n g l e , the solut ion of w h i c h  is

(05  ~ cos (90~ — oo
) (S.f l5  (~ o~ —

i sIn (9 0’  — 60) sin (90 ’  — 6~ ) cos a

= sin (60
) sIn (6& 4- cos (60) cos 

~
6e~ 

m s  a . (6 )

~~~~~~~~~ x is g iven , X m follows imm ed ia t e ly  (F igure  1)

X XS . sin (x )  -
~~~~

XS distance f r o m  earth to sa te l l i te  ( in  krn )

- radius of earth (6378 km )

5 
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e r’aI ‘I~~~~~~~~i’:t~ i~ 
the Actual

a 8. 

Terms  of the Satel l i te  Referen ce  Sys tem

3.2 l)etermiiialioti of AlmoNpberic AItenuat~ni

The d e t e r m i n a t i o n  of at r i r o sp h e r i m  a t t enua t ion  is u n c er t a i n  since t h e  exact re-

sponse of s a t e l l i t e  n i a t ~’r ial s  to so lar  f l u x  is not w e l l  k n o w n  so tha t  the  wavelengt h

ranges of in teres t  are not wel l  def ined.  A l s o , t h i , ’  : ipp: i r ’t ’nt  s ize of the  sun varies

s l ight l y wi th wavelengt h ar id  wi th  solar a m t l v i t y  ( pr or l i  in enmi ’s  and the  corona can

in troduce a synir i i e t r i es  in  the shape of th i . ’  sun  at u l t r a v i o l e t  wavelengths ) .  Fur ther .
the atmosp here i t se l f  varies  in  t i m e. ‘I h e  best  — o l u t i o n  at present is an
iterative process ri w h i c h  each of t h e  u n k n o w n s  is  v a r i e d  w i t h i n  a reasonable

range.
The process of det e r m i n i n g  atmospheric  a t t enua t ion  has three  steps . First ,

a model of the a t tenuat ion of t h e  atmosphere is a ssumed.  Secondly, the  attenuation

fac tor is integrated over the disk of the  sun. ‘I h is  is done for the required values

of X to g ive a table of percen t i l lumina t ion  (assumed to he directl y proportional

to photoelec tron cur ren t )  vs X . In the t h i r d  step, to he carr ied out in a la term
sect ion , the results are compared wi th  a plot of the  photoelectron cur ren t  required

to give the  observed potentials as a func t ion  of X
111
. The atmospheric model and

total photoelectron current are varied unti l  agreement  is reached.

The sat e l l i tes ’ response curves are assum ed to he s i m i l a r  to that of a luminum
so tha t only the wavelength range between 1000 A and — 3000 A is s i g n i f i c a n t .  This

mea n s onl y ul traviolet radiation wil l  he considered . The (‘ross-section for absorp-

tion is , in general , orders of magn i tude  l ar ger  than  sca t t e r ing  at these wavelengths

so the radiatIon is at tenuate(l  long before si gn i f i can t  sca t t e r ing  or refraction takes

place. Likewise , in the a l t i t ude  range over w h i c h  s i g n i f i c a n t  a t t enua t ion  is ex-

pected , 02 and 03 are the dominan t  absorbing species . ‘[‘he a l t i t ude  (30 to 90 k m )

where  these  species absorb most of the  f lux i.i l i t t l e  a f f ect ed  by la t i tude  or geo-

magnet ic  effects ,

14
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S. - -  S. S.’

in  i t i  ‘ s p t i ’ - : i -  w h i c h  f a l l s  off  • - x ~i~ i i i ’ n t i : i 1 I - ~ in  i l l  ituile . the lv ,t on f lux  ~
:i,S i ‘ I i i  t i ( i ! i  if ~‘, : tv i’ lcnj j t l i  ari d : : for a s J L ~l I  r m s t i t i i en t  is

i~I (~~. ‘~~~~ ) O ,,,~ ~~~ 
T 

( ti )

n-h ci -

n(X 
~ a 

(2 1T R jj) I / 2

R = ear th ’ s radius ,
C

n (X I -‘ number  d e n s i t y ,m

U = scale height of consti tuent  at XTn
unat tenuated  solar flux at wavelength A

= absorption cross section at wave leng th  A

I - or  s imp l i c i t y ,  an exponential  atmosphere is assum ed

-(X - X )
m 0n ( X  ) = n  e

Tn 0 O X

o , X . 6 X constants for given cOnst i tuent .
0 0

‘1 hen
-(X - Z )

-e ~ o
i~i ( X ,  ~ ) (A )  e 6 Z ( 9 )

whe re all the constants have been lumped into Z0 and 6 Z.

‘~ei th e r the 02 or 03 dens ity  follows a s t r ic t l y expo nential  curve in the region
of in teres t . The appa rent diameter of the sun , however , is 370 km as viewed by
a satell ite at geosynchronous orbit. Thus , a gross ave ragin g w i l l  take olace such
that  wavelength and scale height variations are smoothed out if the attenuation is
considered for the entire solar disk. To f i rs t  order , a model of atmospheric atten-
ua t ion of the functional  form given in Eq . (9) should he adequate .

Once the at tenuat ion funct ion in terms of 
~
‘ m ~ assumed , an in tegra t ion  over

the i ltsk of the sun can be performed.  A gain , ,he c ’alculat lon is carried out in
sp herical  coordinates , Previously X(X

~~
) , the angular separ a tion between the center

of the solar disk (assumed to he the optical center)  and the center of the earth , was
5 . Swider , W. (1964 )  The de te rmina t ion  of the  optical depth at large solar 7enlth

rj istance , Planet. Space Sd. 12:76 1-7 82.
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determined . In i-onjunct lon with XS, the dis tance from the satellite to the center of
the earth , the value of the total flux 

~~T 1 as a funct ion of Xm becomes
G

e® 21’

~~ ~~~~ ‘0 
dO J [~ ‘( 9 .0) sin (9 ) ) d~~ , ( 10)

where

-e 
-(X - Z 0)

X = XS sin (x ’) -R

= cos (cos (0) cos (x) ~ sin (9) sin (x) cos (0))

= angu lar radius of sun (function of day of yea r)

~~~~~, Z 0, ÔZ  - assumed constant s for atmospheric model

The geomet ry is illustrated in Figure 5. The percentage of solar flux , P(X ), I”

given by dividing 0T (X m
) by 

~T ~~~~~~ 
As ~~‘ (9 ,~

) goes to as Xm goes to infinit y,

this gives

P(X m ) 
•T ~°°~ 

= 

~ .o 2 z t1-co8(a~,0)) ‘ ( 11)

\ - - ~~~

— 
I,

/

i . :  
S. S.

~~~

S. :.~. ,. -: -

- 
- 

: 
S.

SAT E

Figure 5. Geometric Representation of the Obscurations of the Solar
Disk Upon Eclipse Entry. The variables are defined in the text
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As discussed earlier . IN JUN V data provide an estimate of P (X m )• In Fig-
ure 6, P (X m ) is plotted for the INJUN V satellite for the case of no atmosphere

(comp lete attenuation below Xm 
= 0 km), for an atmospheric model having

= 90 km and 6 Z = 40 km , and for an 03 atmosphere (6Z -‘4 .67 km . Z0 — 7 6 . 4 ) .  6

Also shown is the percentage of photoelectron current measured as the satellite was
eclipsed. Even though INJUN 5 is at 2500 km altitude where the attenuation shoul d
readily show the effects of atmospheric variations , the simple model (assuming

S ILLUMINATION
0 20 40 60 80 100

300 — , I ‘ I ‘ I ‘ I

S

• INJUN 5 OBSERVATIONS •i
$Z.4OIim ,Z0 90km

250 - —— $Z-4. m,Z0-l6Akni (0k) 1 
NO ATMOSP*€RE /

200 - 7
’ -

S

ISO - -

100 -

S PHOTOEL ECTRON CURRENT

FIgure 6. Percentage of the Solar Illumination Reaching
the Spacecraft and the Percentage of Photoelectron Current
Measured by INJUN 5 as Functions of X~~, the Minimum
Ray Path Altitude

6. Weeks , L. U. , Culkay , R. S, ,  and Corbin, .J. R. ( 1972) Ozone measurement s In
mesosphere during the solar proton event of 2 November 1989 , J. A tmos. S d . ,

6) : 1138-1142.
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7. = ~O km and ~ 7 = 40 k i )  is adequate , demons t ra t ing  the smoothing over way ’--

~i ’r :~th anvt  hei ght . In li ca  1 :r owl e ’ L~e of the photo-emiss ion response func t i ons

for’ the ATS-5 a ij i AT ” -6 satel l i tes , the I N J U N  ~ (or t u n g s t e n )  a t t enua t ion  func t ion
(~~ Z 40 km and (19 k i a )  will be assumed. We will , however , compare  the re-

suits for  t h i s  assumpt ion  wi th  those for no a tmosphere . At geosynchronous orbit ,

the  difference be tween the  two assumptions is not as great as imp lied by Fi gure 6.

\ lso , the  l N J U N  5 attenuation funct ion gives adequate results over the X range of

in teres t  and , unlike other functions that mi g ht be assumed , is based on observational

data.

4. SPACECRAFT CHARGING MODEL

Given the atmospheric attenuation function we require a model that predicts

potential variations in the presence of photoelectron currents.  This model will  be

needed in calculat ing the residual current—presumably the photoelectron cur rent—as

the spacecraft passes in and out of eclipse. The total photoelectron current will be
determined by f i t t ing the attenuation function to these residuals. Given this value

and the attenuation function , we may estimate the potential variations as the space-

craf t  passes in and out of ecli pse—the goal of the study. ,A model capable of calcu-

lat ing spacecraft  potentials as a funct ion of the ambient currents and meet ing  these

obje ctives is briefl y presented in this section. The reader is referred to Garrett7

for more details .
The problem ~~ ~e t e rm in in g  the potential between a spacecraft and the ambient

plasma  is conceptuall y simple. The basic problem is to f ind , for a given set of

ambient p lasma conditions , a satellit e potential for which there is 0 net current  to

the spacecraft  surface.  Specif ical l y, it is necessary to f ind V such that

(V )  — (J
1 

(V )  
~se 

( V )  j
SI 

(~~ ~BS 
(V )  + 

~ ph 
(V ) )  = 0 . ( 12)

where

3e incident  electron current ,

= i j -icident ion current ,

• J 5,, - secondary electron cur ren t  emit ted by incident  electrons ,

= secondary electron current emitted by incident  ions ,

~BS 
- backscattered electron current ,

‘T ph 
= photoelectron current.

7 . Garrett , F1.B. (1978) Spacecraft Potential Ca lcu la t ions  - A Pdodel, AF GL-TR-
78-0 116 ,
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The currents  are all functions of the ambient particle distributions and satellite

potential, V . Their calculation , in t erm s of the ATS -5 and ATS -6 UCSD plasma
data , is described in Garrett. 1 Given these currents , the potential is determined
by an iterative procedure in which V is varied until Eq. ( 12) holds ,

The ratios of the secondary and backscattered currents to the ambient current
ar e not known accurately. Likewise , the photoelectron current is not known. It is

necessary, therefore , to initially “calibra te ’ t he potent ial m odel . This is done by
fi rst choosing particle spectra immediately befo re (immediately after) and immedi-
atel y after (immediately before) the spacecraf t pass int o (out of) the earth’s shadow
(s ee Table 1) . The ohotoel ectron current  is assumed to be 0 and the secondary

and backscattered ratios adjusted until the predicted potentials agree with the ob-
served potentials in a least squares sense . The results of this procedure for the
A TS -5 and ATS-6 satellites are presented in Figu re 7 .

(U’
14

I 2
Figure 7 . The Predicted and

ATS S ATS G Observed Potentials for ATS-5
SUNLIT • ~ and ATS -6 for Total Eclipse of

-8  EcUPSED • . the  Sun. The closed symbols
U a re for values calculated using

° -6 I t he eclipsed spectra. Open
symbols are for val ues calculated

• : using the sunlit  spectra

2 
~~

0 1 _____

0 -2 ‘4 -6 -8 - ‘0  - ‘ 2 - 14
OBSERVED P O T E N T I A  ~~~

The error bars in Fi gure  7 correspond to a ± 10 deviat ion.  F o r  the en t i r i -  ‘L t . ,

set (both sunlit and eclipsed spectra) , the error bar is ± 1500 volts.  Ignor ing  thi-

two outlying points (the plasma changed significantly d ur ing  i - c  lipse passage for t h - s e

points) , the erro r is ± 1300 V f o r  the sunlit spectra and t 500 V for t ta-  ‘ ,L i psed

spectra.

The difference between the predictions due to the sunlit and -clipsed spectra is
believed to result from the lack of knowled ge about the particles outside th i- k ’t”ctor ’ s
energy range and f rom the finite interval (pa r t i cu la r ly at hig h energies) h .’t-x .’i ’n
energy steps. Shift ing the sunlit spectra in energy to account for the satellite poten-

tial accentuates these problems. A similar d i f f icu l ty  arises when the eclipsed
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s pe c t r a  arc’  s h i f t c 1  down in potential.  I bus.  I f ’  ef rOi of about 25 percent  is if , t r a -

duced that  is dependent on satell it - potential.  Al though sp c ’(t r a  taken  at the d a m e

t i m e  as the desired potential calculation are  e l u a r l v  to he p re fe r red , it is not

possible to do this in most cases. In the discussions that follow , the resul ts  pre-

sented will either he the average of the eclipsed and sunlit  spectra or designated as

sunlit and eclipsed estimates.

in summary,  given the ambient plasma distribution, the currents to the space-

craft  can be estimated as a function of satell i te potential. Given the cur ren ts  as

functions of spacecraft potential , the spacecraf t  potential can be calculated . It is

necessary ,  however , to “calibrate” the secondary and backscattered currents.  This

was done for eclipse conditions when the photoelectron cu r ren t  was zero. The model
can then be used to estimate the residual  (p hotoelectron) c u r r ent s  as the spac i -cr ;f  ft

is eclipsed or to estimate satellite potentials .

5. REStS. LTS

As discussed in the prev ious  sections , we need to de te rmine  the tot~~1 A I ~~-5

and ATS-6 photoelectron currents .  Once given these cur ren ts , the ;‘trr e sp h cr i c

attenuation function gives the photoelectron cur rent  a~ a funct ion of X m • F nowini g

the ambient  conditions , we then ca lcu la te  the spacecraft  potential  as a func t ion  of
x .m

To determine the total A-r S-5  and ATS-6 photoelectron currents , the spacecraf t

charging model is used to estimate the residual  c u r r e n t — t h a t  is , the  curT -nt neces-

sary to give the observed potential af ter  :, 1l known current s are accounted f o r — a s  a

funct ion of X m • In Figures  8a and 8b we have p lotted these cu r r en t s  ( a c t u a l l y  t h e

number  f luxes) .  Shown for both satellites are the I N J U N  V atmospher ic  a t tenuat ion

function and the attenuation function for no atmosphere.  The at tenuation functions

have been fit  to the data. in the case of ATS-5 , the I N J L N  5 funct ion fits the ob-
served fluxes quite well , while for no atmosphere the function does not fit values
having an of 0 or greater . I-or  AT S-6 , it is not possible to unambiguously  choose
either function. The total photoelectron f lux es imp lied by these fits are , in n u m ber /

2cm -sec-ster

ATS-5  - \T S-6

No Atmosphere 5/  IO~ 1 . 2  ‘ 10 8

(Z  = 90 km , Z - 40 km) 2 .5  / 108 4. 0 -~ 10 8
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ISO - ATS- 5

I0O ’
I • ./• Figure 8a. The Residual

(Photoelectron) Current
Estimated for 21 ATS-5 Eclipse
Passages. This is the current
necessary to explain the
observed satellite potential
after all ambient and secondary
currents have been subtracted .100 , 

( 

• — — —  No A(mos~~ re 
~~~~ profiles are also plotted

Two atmospheric attenuation
200k 

(J,0’ 5 ‘ 0 ’ n / cm’ sec

— l:’4O~ m £~~90km 

-

-250 4 ~ , c i O’n/cm2 ’sec-ste, )

ISO - ATS-6

—‘ 
100 -

/
• / Figure 8b. The Residual

(Photoe lectron) Current
Estimated for 4 ATS-6 Eclipse
Passages. This is the current
necessary to explain the
observed satellite potentialNumber Flux I I

after all ambient and secondary

VI current s have been subtracted.
No TIOS$(~~5 Two atmospheric attenuation-

e / lJ ,~ . I 2 z I O ’n/c m’- s.c-stev ) profiles are also plotted
7 — $ z’4 0 k m,~~’90km

I,),, .4(5, 10 n/cm’ - sec’s?e, )
-200

• SUNLI T
• ECLIPSED

-250 -

For ATS-5 . these values can be converted directly to currents by multiplying
by the total spacecraft area ( 1 . 8 /  1O 5 cm 2), dividing by the sunlit cross-section
(— 2. 7 / 10~ cm 2 fo r the side) , and multiplying by lTq (q is charge) . The ATS-5

fluxes give 0. 552 n A / c m 2 a nd 0. 11 n A / c m 2. Grard  et ~i8 predict currents  on the
order of 0.4 n A / c m 2 ( grap hi te ) to 4 . 2 n A / c m 2 (a luminu m oxide) . Thus the INJ U N 5
attenuation factor gives low hut reasonable values for the total photoelectron current.
Conside ring the complex .-\T~ -6 geometr y , it is not possible to accurately calculate
the current .
8. G rard , R .J . L. , Knott , K . ,  and Pede rsen , A. ( 1973) The influence of photo-

electron and si ’c u n i d ar .  electron emission on electric field measurements
in the magnetosphere ;,nd solar wind , Photon and Particle Interactions wit h
~u rfaces in space, H .J . L. Grard  (ed.) ,  pp 163-189.
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The major source of errors in the preceding calculation is the satellite orbit .
Al though the calculation of the orbit of a geosynchronous satellite is straig ht f o r w a r d

sin ce r elat ively few per t urba t io ns occur , the sa tel l i te  ephemerides are onl y upd ated
on a 2 or 3 w eek basis . Al l  of the orbital periods studied were 4- to 7-day e ctrapo-

lat ions . Er rors , part ic ularly in the time of local midni ght , on the order of — 10 sec
we re typical for ATS-5 , while the error in the ATS-6 ephemerides were on the
order of 90 seconds. Such er rors tra nsla t e t o er rors on t he ord er of ± 15 km and

± 150 km in X m~ It was necessary to assume eclipse symmetry around midnight
and adjust the t ime of local midnight accordingly. Althoug h this significantl y im-
proved individ ual eclipse pairs (particularly for ATS-6), er rors in lat it ude of ± 0 . 05
(cor responding to errors in of 35 km or less) remain.

Gi ven the INJ U N 5 attenuation function and the corresponding total photoelectron
current we use Eq. ( 12) to calculate th~ spacecraft potential as a function of the
ambient plasma conditions.

Fig u res 9, 10, and 11 represent the end produc t of this anal ysi s. In Figure 9,
the voltage prediction for the 25 eclipse passages listed in Table 1 ( ‘-230 potential ob-
servations) have been plotted vs observed values for ATS-5 and ATS-6 . The standard
deviation set is * 700 volts. Error bars of * 500 V are shown. In Figu res 10 and 11

fo ur different eclipse passages are plotted to give an idea of the power of the tech-
nique. The bars for the predicted values correspond to the eclipsed (upper ) and
sun lit (lower) predictions.

10

4
U

‘
~~ 

. Figure 9. The Observed and Predicted
- 

,_ Potentials for ATS-5 and ATS-6 for the
• 
.• .

~~~. ~ a Ent ir e Data Base. The va lues for ATS-5
are the averages of the sunlit and eclipsed

2 ‘ .s• spectra. For ATS-6 the different spectra
• .. • a re indicated

Al ’S-S .

Y I O ’ - , ~~. ATS-6 a ~~~u , ,w U ICU~ItD

-~~~~~~~~~ 
:. .....~

‘10 ’ — 1 0 ’ —1 0 ’ — 10 ’

OBSERVED POTENTIAL (V I
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~ T Figure  10. The Observed and Predicted

~ T - (average of the sunlit and eclipsed spectra)
2 1 - ‘ Potentials for the Eclipse Entry of ATS-5

- - on Day 260. 1970 and for Eclipse Exit on
I i Day 292 , 1970
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I

6. (~O~~CL1~ IO~~S

The ‘Ict a i l ed  c lcul : ,t ion  of t a -  effects  of a tua~- — v a r y i n g  photoelectron f lux on

sp acecr  ~ft potential has hinged on the concept of the rr in i m u m  ru p ath  al t i tude .

Ls~- of this  p a r a me ter  a l lo - ,’. c-i the d i v i aj o n  of the ca leu la t ion i  into t h r ee  s teps .  F ir st ,

an tnr ’, .s p hcr ic  -~tt~-nuat i on  funct ion -i -as derived us a funct ion  af - \ ex t , fol low—
in

ing t he  ca l ib ra t ion  of the secondary and bucksea t te red  f lux  ratios , th u  r e s idu a l  f lux

(the  photoelectron c u r r e n t)  as a function X was calculated for the ent i re  set of

d t a . 1- inal l y, t h e  total photoelectron f lux  was de termined  for A’[S-5 and ATS-6 by

fi t t ing the atmospheric  a t tenuat ion funct ion to the data . Using this va lue  it was then

possible  to e s t i m a t e  the spacecraf t  potential va r i a t ions  as a funct ion of t ime-vary ing

;~hot oe 1ectron flux.
‘I he imp l ica t ions  of th~ mor iel are  obvious.  F o r  ?~TS-3 ;~n’l ATS-~i the model

can predict  the  range of charge bu i ldup  as the spacecraf t  move in and out of eclipse

and provide important  information for spacecraft  des igners .  The effects  of a time-

-I ary ing  cu r ren t  source  (the photoelectron c u r r e n t)  on spacecraft  potential can be

studied . Ih e  mode l  also evaluates  the ac c u ra c y  of the simple charge-balance

model ’ ~ p res i -n t e - i  in Section 4. ‘[bough not discussed, the effects of neglecting

the plasma sheath  sur rounding  the spacecraf t  can he evaluated . In the f inal  ana l ysis ,

the m a j o r -  importance  of the model is that it can he used to evaluate the interaction

h et i. 1-en the ambient  en vironment  ari d the spacecraf t  under commonly occurr ing con-
(ht i ( ,ns  at  g eosynch ronous  orbit. It is to this end that this stud y was instigated .

J i r -F ore st , S. E. ( i !372 )  Spacecraf t  charging at synchronous orbit, J. Geop hys.
- lies. , 7 7 (N o .  4 ) :6 5 l .

— WI#
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Appendix A

FORTRAN Programs

The FORTR AN programs designed to calculate the atmospheric attenuation
func tion will be briefly de scribed. Listings are provided following this section. It
will be assumed that , as input, one has available

RC = angular distance in radians between center of earth and
sun-satellite line,

lx in Eq. ( 10))
RE = radius of earth in R ,
RS = angular radius of sun in radians ~~~~~~ in Eq. (10)],

XS = distance, in Re~ 
from satellite to center of eart h

IXS in Eq, (10)]

The subroutine will return:

AILL = Area illuminated or percent of unattenuated solar flux
[P (Xm) in Eq. (11)]

Also required is an atmospheric attenuation model as a functio n of altitude above

the earth’s surface, X. A model of the form given in Eq. (9)  is assumed here. ZO

a nd DZ (Z and ô Z) are in COMMON /ATMOS/ .
Given BC, RE , RS, and XS, the subroutines calculate AILL by means of Eq.

(10) which is a double integral over dO and dØ. The variables in the subroutine
correspond to the parameters in Eq. (10) as follows
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I- - ~~~ [~~‘ (~~) sin (1)

AA -~~

l) ’l’lJ .—. d~r ,
‘ I ’ l l _ I- •S.~ 4

1) 11 ~~ (10

‘l’hr ’ h ;is ic  program calls i n ,  s tructure’l  ;ig follows

c ~~~~~~ US, ~ (‘~~~~~~~~21T ~l cmi

IN T I S . ; G : 
_____ QSF: a

I ifi : 
~~~~~~~~~~~ 

)= ‘I’ll l- H Al Z HA I) dO

I t ( I )  ‘1’IIl- ~j ’ 
_________________________________

A N G I N :  T~1~’ QSI” :

TUT = 1)Tih 2 1)Tlf 
THE TU 

~~

j ,
ThI ~r (J )  i-I

1’UN C:

F = ~~‘ (0) sin 0

N is the step size. In the listings shown . N = 10 giving run times of —0. 02 s~ c/

v a l u e . l”or the final run, N= 100 gIving run times of 1 .5 sec/value .

The subroutine INT EG , as indicated , finds Dli and 11(1). In subroutin e AN GI N ,
l)T U, and TIIT(l) are determined.  In subroutine J. (JN(* using 11(1) and ‘I’ll’!’ (1). 1”

is found . Given the vector TI1(J), It is integrated in QSI” to give TIlE.  TIlE for

various values of 11(I) are stored in HAl) (1). H A l )  ( 1) is integrated in QSI” to give

Z, the amount of the solar disk visible from the satellite.

The subroutine QSF’ Is a standard systems program which takes a vector  Y of
function values spaced an equal distance II apar t .  The integrals ;ir e returned in

another vector Z.
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TEtS PAQE IS BEST QUIIIIT’l

TI~OM (Xñ’ I FUR~USI~~ 
TOD~C ...

~
.....—

SU’3qOUT ( PE INTEG (PC ,RE ,RS ,XS ,A ILL )
0I’4F NS 11 P ~ * C h ( i 0 0 t , Z ( 1 U 0 I
O~ =RS F 9.00 1 T~ ~,t f )
R= 0Q~ FL ~f ( I — i )
CALL A~lrT li~,RC ,R (,XS ,TH()

I P~ ’)~ fl :  ~~J

C AL l. ~S Ifl’,PAO . Z , iO
*111=71 C
~~~~~~~ ‘1~~’( l . — C 0 S ( R S  I
A I L L = A T ~ ‘19 A
RET UR N

SJ9~ f lUT ? P~ tffiC (1~,RC ,RE,T HT , F ,X~~)
C )MM 0~tF ‘113/lO ,OZ

~A :A C oc  ‘r)~~(~~) •C0s(qc l ,S INti)~~S IP4(’~C? ~C0S (THTI)
x= x S~st ’l 11*1

X =X ’ 6 3 ? ~~ .
Z = l X — 2 0 ~ #3 7
7 T *6S1’~I d ( 7 T . L T . 1 . E _ 0 8 1 1 1.E 06 Z / Z I
I F ( Z I . 1 . 0 0 . ) Z 7 5 0 0 . r f Z I
7= E ~ P ( - ’7~=Aqs I”)
IFIZI.C r .510. IZ= Z 500./ZI
IF (7r .Lr .t .E—(wlZ-=t.E—0b 2/ZI
7=EX P(— 7 1
IF I W . L T . “.17:0 .

R’~ T UP N
F~l1)

SIJIIWII(IT P~’ 1NGIN(R, R C ,~~~,XS ,Tl4rI
n i t i r i - i s i  “I (lOO ),l (tUU )

9’) 1 7= ’ .l’l
TsT= flTll ’ ~..‘t~~T (I— 1)
C r i L L F l  r~r r) ,, ~t. ,‘~t ,THT ,F ,X 5 )

1 T~4 ( Tt~~r
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