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A Model for the Electr ical Current Collected
by a Planar A perture Ion Collector With a

Partiall y Blocked Field of View

I. I\TI1OI)l ( T10\

Instruments  designed to measure the bulk motions of environmental ions in

the upper atmosphere were flown on two Air  Force scientif ic satellites . Each

instrument  consisted of an array of four identical planar electrostatic analyzers.

A planar electrostatic analyzer measures the flux of positive ions through an

aperture from a field of view of 2 ~r steradians. The amount of positive flux or

current measured is a function of the analyzer ’s efficiency, its aperture area , the

ambient ion density, the mean thermal speed of the ions , and the bulk flow velocity

of the ions relative to the plane of the aperture .  The aperture planes of the anal-
yzers  or sensors in each instrument are separated from one another by approxi-

mate l y 40 deg. If the mean thermal speed of the ions and the velocity of bulk 1 ’
plasma flow are sign ificantly less than the satellite velocity, the difference in cur-
rent flowing to the various unobstructed sensor apertures can be used to determine
the spacecraft attitude. 1 Conversely, if the spacecraft  a t t i tude is known, the

1.
(Received for publication 22 Apri l  1977)

I . Sagalyn, R . C. , and Smiddy, M. ( 1969) Positive ion measurements of space-
- - craf t  alti tude: Gemini X and XII , J. Spacecraft and Rockets 6(9) :985-99 1.
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i n s t rumen t  can be used to de te rniui e the magn i tude  and d i r ec t ion  III  bulk mot ion s

of the env i ronmenta l  ions.
-~ The two  spacecraf t , referred to here as sa te l l i t e s  A and 1) , were launched

into high incl inat ion or-bits wi th  perigees of ap p r o x i m at e l y 250 km . Sate l l i t e  A

has an apogee of 1500 km , and sa te l l i t e  B has an apogee of 8000 km. Both space-

c ra f t  also car ry  boom-mounted spherical e l e c t r o s t a t i c  anal yzers  to de te rmine  the

dens i ty  and temperature  of environmental  e lec t rons .  Also , onboard sensors con-

tinuously determine the spacecra f t  a t t i tude .
Previously developed methods to analyze the data f rom s imi la r  in s t rumen t s

have had to be s ignif icant ly modified for two reasons . Fi rs t , the f i e lds  of v ie w of

the individual sensors are all somewhat less than 2 ste radians . This is due to a

spacecraft  design comprbmise that led to the p lacing of the ins t rument  below the

level of the spacecraft  surface.  Second , over a considerable part  of both space-

craf t  orbits , the mean ion thermal speed cannot be taken as neglig ible compared

to the spacecraft  velocity.
This report shows the development of a procedure for anal yzing the data f rom

the ion bulk motion ins t ruments. The current  to each sensor is modelled based ofl

the obstruction of the field of view and the fact that the ion the rmal  speed may be

comparable to the satel l i te  velocity. Although the development is specif ic , it is

easily adapted to other , s imi la r  ins t ruments .

p 2. I\STIU %iE\T -~Tltl\

The basic design of the planar electrostatic anal yzer in the bulk motion instru-

ments has been given in detail elsewhere. 2 , ~~, ~~, 
~ Below , a brief descript ion of

the ins t rument  and its sensors is given to aid the reader in understanding the devel-

opment of the modelling of the currents , which is given in Section 3.

The ins t rument  wi th  i t s  four sensors is shown in Figure 1. Each sensor
measures the flux of positive ions through the aper ture .  All the aper tures  have

equal area. The normals of the aperture planes are set approximately 40 deg

2 . Lai , S.T . , Smidd y, M. , and Wildman , P.J. L. (1976)  Satellite sensing of low
energy plasma bulk motion , Proc. AIA A Conf. on Aerospace and Aeronaut-
ical Meteorology and Symposium on Remote Sensing from Sate 1lit~~~
Melbourne, Florida, p. 302 .

3 . Sagalyn, R . C . , and Smiddy, M. ( 1967) Positive Ion Sens ing System for the
Measurement of Spacecraft Pitch and Yaw~ A i r  Force D-l0  Exper iment
Flown on Gemini X and XII, technical memorandum A F C R L - 6 7 - 0  158 .

4 . Wildman , P ,J .  L. (1977 )  A low energy ion sensor for space measurements
wi th  reduced photo-sensitivity, to appear in Space Sci. instrum. 3 (N o . 4).

B 5. Wildman , P .J. L. ( 1976) Studies of Low Energy Plasma Motion: R e su l t s  and
a New Technique, AF GL - T R - 76-0 16 8 .
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Figure 1. Three Views of the Ex te r io r  of t h e  Ion Bulk Motion
Exper iment  Ins trument
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apa r t  l i o n i  en S. ’ ano the r , Two sensors of each r l s t r u f l s en t  look into the sp in plane ,
and two sen so, ’s  look out c , f this  plane. The sa t e l l i t e ’s nomina l  spin ax i s  is

designated as t h e  m inus  v - a x i s . The sp in p lane nominal l y lies in the  s a t e l l i t e  x - z

plane . The y _ a x i s  is para l le l  to the sa te l l i te ’s orbi ta l  mo m entum vector

( l ” igure 2) .

_

~~~~~~~~~~~~~~~~~~ y

Figure 2 . Orientation of Satell i te  With Respect  to Its Orbit Path
and the E a r t h ’ s Surface

On satel l i te  A , there are two ins t ruments, one facing the +~~ d i rect ion of the
satel l i te  and one facing the -~~ direc t ion . The four sensors in the ins t rument  fac-

ing the +~~ d i rec t ion are numbered as sensors 1 through 4 , Numbers 2 and 4 look
into the spin p lane. Number  1 looks 40 deg out of the spin plane toward the -5’
axis , and number 3 looks 40 deg out of the spin plane toward the +5’ axis. The
four sensors in the ins t rument  facing the -

~~ direction are numbered as sensors
5 through 8. The orientation of these sensors within the instrument  is identical

to the orientat ion described above for the -i-i facing instrument .  Sensor number 5

corresponds to sensor number  1, etc. On satellite R there is onl y one instrument ,
it faces the -

~~ direction of the satell i te.  The sensors are numbered 1 through 4

in the sam e manner  as those in the ins t rument  on satellite A.

I )

10
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Because the  sensors in an i n s t r u m e n t  for-rn  a concave  r s -ce  s~ ( l ” i gum’e I )  and

because the i n s t rumen t  i t s e l f  is r-ece.s -,ed in to  the s a t e l l i t e  5urh ice , the  a le rt  S / I ’ S ’  -

of the se 115/ I’S a re  below the plane (If the spacecraf t  su r f ace . Tilt? I - I n t e l ’  of  r io ’

-~ ape r tu re  of the sensors looking into the spin plane is 48 mm below the  s ur f / c e ,

and the  center  of t ho se  looking out of the sp in plane is 37 mm h e l i w the s p a c e cr a f t

sur face . Thus , u n l i k e  planar  sensor-s that  are f lush-mounted  wi th  a spacec ra f t

surface, the sensors in the ion bulk motion i n s t r u m e n t  have a sign i f ican t  po r t ion

of the i r  f ield obst ructed by the spacecraf t  su r face .  l- ’igures 3 and 4 show the t’ields

of view for ou t -o f -p lane and in-p lane sensors, respect ive ly. For cases where  the
Mach nu mbe m -  of the satel l i te ’s motion relative to the ambient  plasma is large
(1\I >~ 1) , the  cur ren t  to a sensor is severely l imited when the plasma flow vector

in te rcepts  a por t ion  of the spacecraft  surface before reaching the sensor ape r tu re .
When the flow vector does not in tercept  the su r f ace , the current is s im i l a r  to that
detected by an “ unobstructed’  sensor, For the case when the Mach number of the
satel l i te  motion re la t ive  to the ambient plasma is near one (M > 1) , the cur ren t
measured by a sensor is less than would be measured by an ‘ unobstructed’ sensor
for all d i rect ions  of the flow vector . The degree of the reduction depends upon the
or ienta t ion  of the obstruction to the f l ow  direction .

S~~CEC RAFT
SURFACE

SPIN PLANE

S~~CECRAFT ‘~-

• SURFACE N

SENSOR HORIZON

Figure 3. Field of View of Planar Sensors Look-
ing Out of the Spin Plane

$
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S~~CECRAFT SURFAC E -

SPACECRAFT SURFACE

SENSOR HORIZON

Figure 4 . Field of View of Planar Sensors Look-
ing In the Spin Plane

‘I. E %L Ct ’ L- ~i’IO\ OF (:J IIRF ’\’I ’ TO -\ P % R T I \ L L \  RLO(:kI-: I) I’L- ~\ ~R

• To model exactly the shape of the obstruction of flow to the sensor (Figures 3

and 4) would require an al gorithm that would not be eff icient  for the anal ysis  of

large blocks of data. Instead , the obstructions are approximated by a series of

wedges centered on the sensors ’ apertures. The apertures are approximated by a

point located at the aperture center. Figures 5 and 6 show the arrangement of the

wedges , and Figures 3 and 4 show the image of the wed ges (dot ted l ines) in the

• fields of view.
The calculations are done in a sensor-centered coordinate sys tem labeled as

the ~~ , ~~. r~s system. The i axis is normal to the plane of the sensor. The I

axis is perp:ndicular to both the 
~~~
, axis and the normal to the surfice  into which

the instrument  is mounted . The r~~, axis completes a right-handed sys t em.  For

the sake of mathematical  convenience, the wedges are aligned wi th  the l and th
axis . Thus , for the sensors that look out of the sp in plane, it is necessary to

make a rotation of this coordinate system to get the best alignment of the wedges

with the actual obstructions. For the sensors looking below the spin plane , the

above coordinate system is rotated -64 deg about the i~ axis , and for the sensors

* looking above the spin p lane , the rotat ion is -116 deg about the 
~~~

. axis.
e

12
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I A
S

-, Figure 5. Orientat ion of the Two Wedges Used to Model the Obstruction
for the Out-of-Plane  Sensor ’s Field of View

A

I,

---1

,
_~~ ,L - —

Figure 6. Orientation of the Two Wedges Used to Model the
the Obstruction for the In-Plane Sensor ’s Field of View
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The e x p r e s s i o ns  for the  5(01501 5 axes , in spacec ra f t  c o o I ’ S h I I I a t S  ~ are:

/ ( (IS P cc- s \
N I s in i 1 (1)

~ I
sin i’ cos ‘v

5 5

where, 
~~ 

p itch ang le of the sensor ’ s look direction measured f rom the ~~ a x i s

of the spacecraf t , and 1, = yaw angle of the sensor ’s look di rec t ion measured

from the spacecraft  N -~ ’ p lane. Since the ins t rument  ofl satellite A faces the

+x direction, and since the second ins t rument  on satel l i te  A and the i n s t r u m e n t  (Sn

satellite B face the -
~~ direction,

/ 0

I = (~ X~~~)/m a g n i t u d e  (~ X~~~~~~) = ( -sin I’ , cos Y ./ (cos 2 Y - .sin 2 P . s in 2 Y , )~

~~sin Y / ( co s 2 v sin 2 sin 2 Y 5
)~

(2a )

for sensors facing the +~~ direction,

1, - -(
~~ i~ ~ )/mag nitu d e  (~ X ~~ (2b)

for sensors facing the -~~ direction . The th i rd  axis is:

I 2 . . 2
/ (en s \ - sin P -‘- sin \ , )~I 5 I,I - - - 2 .  . 2

rn = x I = ± -cos ‘~ srn S cos P / (c o s  5 sj n P + sin “t )~~~
_ cos 2 y . cos p . sin P ,/ (cos 2 y sin 2 p + sin 2 Y 5)~

-
~~~~ ( 3 )

- - For the sensors looking out of the spin plane:
p

1’ COs~~~~*l  + s in e * rn
5 5 5

(4)

rn ’ -s i ne  *1  + cos a *r n
5 5 5

- . 
where e is e i ther  -64 deg or -116 deg.

14
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‘i hIe 1400cr/Il f, m - I I i u l c L  I ,  ~ ,O_ O ’ , ’ k ’ I I t  t l o V ~’i 514 t I  I I I  -O/ r ’ t / , I e I I I  II l i / I  , l / I / I  I s :

I = / I ,  - l~~) \ ef  I i  d i  ( I I

where  it s  .-,I, I l ’ I / i c t -  ( ‘ i S ’ I I / O ’ I l t

N = number rhe t i s  t v  I I I  pa l ’  id es

e e lec t ronic  uni t  of elm i- ~ ’t’

i’ll ) pa r t i c l e  d i s t r i b u t i o n  h’u n c t i on  in ve loc i ty  space.

It is assumed tha t  the pa r t i cu la r  d i s t r ibu t ion  is a T\ l axwe l l i an  d i s t r i b u t i o n :

3 / 2 r 2 2 2
~~~~~~~~ 1’ y~ 

l’ z
) (a/r) exp L_

~
1(1

x - I +

where a = m/2kT = (4/ i re 2 )

c = average thermal speed of the particles

and 1 
~ 

tm~~ and are the rectilinear componenis of the velocity of a particle in a

coordinate sy stem at rest in the gas. In order to use Eq. (5), it is necessary to

transform the coordinate system to the satellite frame. The transformation is:

(6 )

v =~~~~ +qcos~ i

where

cos ~ = . (~~~) / q

cos ~ = 1

cos r i = i . (-Z)/q

t - velocity of the bulk flow with respect to the satellite.

The bulk flow of ions detected by the instrument is composed of t w ~ compo-

nents. The ve loc i ty  of the satellite measured in geographic coordinates (v .) causes

an apparent  fl ow of the ambien t  p lasma in the opposite direction; this 15 called the

r-am v e l o c i t y .  The other component is the true bulk flow of the plasma with respect

Ft . 15

U-I t
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to the e a r t h ; th at is the wind .  The t ota l  apparent  fl a v t ’ I ,  ~I ’ j t \ -  (Z) is defined in a

n o n — s p i n  coordinate sv s ten s  such t h a t  t he  x a x i s  m - , p a r a l l e l  t I  t h e  s a t e l l i t e  ve loc i ty
- 

~
‘ 

~‘t’ s’t o m ’ , t h e  v axis is perpendicular to  b ath  t be -  s a t e l l i t e  v e l o c i ty  and radius v e r t , ,r ,

and the  2 axis comp letes a r ight  —handed sy - ,t , ’io . In th i s  ~y~,t t ~i i s , t h e  components

of the wind are (DX , DY , DZ) .  The tota l  appa r erlt flow vet I c~ t v can I t -  a r- i t t  ( l I t

/ 
V -DX

-,~~~= \  - -
~~~~~~~~ . = 1  -DYsatelli te wind t

\ -DZ

From the onboard al t i tude data , the p itch and yaw of the s a t e l l i t e  ve loc i ty  is known

at  all t imes  and the bulk flow velocity, expressed in sa te l l i te  coordinates , is:

I cos P (~SIs Y (V — DX) 4 cos P sin 5 DY + sin P DZ/ v v s v V v
-q I sin Y (V - DX) - cos Y DY . (7)

v s v

sin P cos 5’ (V - DX) + sin P sin Y DY - cos P DZv v 5 V V v

It is onl y necessary to subs t i tu te  Eqs. (6) and (7)  into Eq. ( 5)  and in tegra te  over

the pr-oper lim its.

In or - de m - to max imize  the speed with which the integration can be done wi th  a

digi ta l  computer , the observed current  (I S ) is not computed by direct  integrat ion.

Instead , the current  blocked by each wedge 
~‘l 

and 
~2 > is subtracted from the total

current  flowing to an unobstructed sensor 
~~~~ 

Note that  in the case of the sen-

s~~rs looking out of the sp in plane , the current f rom the region where  the two
wedges overlap is subtracted twice.  This error is considered to be negligible,
since the area of overlap is small and is always separated from the bulk flow

~direct ion by a large angle. Thus , the calculated current  is:

Is = 10 - I i - 12 (8)

where

10 = 1/2  N e A q  cos 6 ( 1  e r f (w)  exp (-W 2
) / w \~r r ]

A = area of the ape r tu re

w q.~ a cos 0
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I” or the  oUt ~~I I f — s p i n — p lane s en s l  1.5 ,

I I N e  A (a / ~) ~ 2 f  d1 1 / d 1- I ‘t i  x
— =~

- — i —
~~~

exp [-a{ (j  1 q cos ~ ~ q cos fl) 2 
+ (

~ - q cos

which  in teg ra tes  in to

1
1 

= 1 2 \ e A ( ; I ’~~~~ (~ q 1 ( 5 0 ( 1  er f ( w )  e r p ( -w 2 ) / w s ~~ ]

- ( a/ ir)~ J m’ , er f  k a (v ,, cot 
~l ~ cos q) i e x p [ -a  (v

~ - q cos ~
) 2

I d v )

Due to the p lacement  of the wed ges , the upper s ign  is used for the sensors li k i n i t

below the sp in p lane , and the lower  sign is used for the sensor looking above the

spin p lane . The cur ren t  12 is calcula ted  in a s im i l a r  manner  to the ca lcu la t ion  of

11. The resul t  is tha t  the total calculated cur ren t  into a sensor looking out r , f  the

sp in p lane is :

= 1/ 2  N e A  (a/ r ) ~~fv ~ 
{erf [~~ (t Z cot 

~l ± q cos

erf Va (~~
- cot 

~ 2 
- q cos ~)] } exp [ -a (v ~ 

- q cos 0) 2 ] dr- , . (9 )

For the in-p lane sensors , t he  above process is repeated with different in tegra t ion

l imi t s .  The result i s :

-

‘ I , = 1/ 2  N e A  (a ~~~ J m - ~ {erf [~~ (e~ cot + q cos

2
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i d ,, . ( 10)

The integrat ion in Eqs. (9) and (10) cannot be done analyt ical l y, but can be calcu-
lated w i t h  good accuracy w i t h  a 10-point Gaussian quadra ture .
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p ‘h ’ _ i . , I I I I ’  (- I f - I ’ ’ c u r  ‘ S cu ic i - s - — i f / I t a i s — — e r  ‘ i s ’ 1 4  r ’ e s ’ , th  I ’ ’ - / i d s s i t i i i ,  of hi t -
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51 l I ’ O - t j C,_’ i f ni , i ’ i - S t l i ’ r s , i l  si ps / - I - s  i n fo  f / / I  S o s -  i_ s  ‘ ‘ n  I S I S IC 14 iS 145 -14 t l i  ft: ’
I S l e ’ v a h u s - . , ‘ ‘ t i’~. ( to  / 5 v a lu e  i i  I - r i ) )  i r i s h  r h - s i  s / l i v e  ‘ i - f ’  hi ’ t b i e r ’  I , / i S - , i e l I - r ’~~. If
s i r s i u h  / I 1 ’ ’ I U S ‘a t i - c - rn  the ~~H & ’ ,’ ’ 5 i ’ l i i  - ‘h ’ c( s ’ /i t / ’  i / / l , t ~, , ~ O 5 ~~ - n b - s I r - ’ !  i t )

~ i vo - S l i t  e l ecr  i’ fl ’ / I ’ ! s — I IV it Mi S I n  l l ’ l i f H o ’S of i l i  i s o r r , ’n t , l i s t -  p a r - a s t e r  ‘‘ N ’

can  I i , ’ , ‘ ‘ ‘ - / i / s i i  to  is , ’ , ‘ I & ’ v t  r ’i , s i  S i ’ s  s / 5 . , ( 1 10 ’,’ / 11 14  ‘‘ DN ’’ to  isc s o l ved  F l /5 ’  f rom tst , ’
l i - I s  - L i S a .  Li  t I e -  s’a~,e 5 5 1 1 1 0’ a i x - t s , s ’ i l i s i ,- i l l - f o I l  , i n a i ’ : i er -  ( l l P.-~) i s  a v a ii s , s i s ’ , t he

- - DX ’ s i t - i  ,- r ’ s s , ’  in c - i l  f r o m  t h e  H PA l i / I t / i .

( h I \ ~ 1 . 1 ‘R ) \  -

In t h i s  r’ e p I l r t , a i’u m - n u u l a  has been developed to model the  current  to a p lanar
s ’ l ec - t  I ’ -~~t s i t i c  i - - r i  sensor  w i t h  a p a l ’ t i a l I v  blocked f ie ld  of view . The use of the

, - r ’ sli u l s ,  i~ si i ’wr i in f i gure  7 . The s l a t s 1  were  obtained fronu sa t e l l i t e  A when the

I’s lach n u m ber  - - 1  l ie  s a t e l l i t e  re la t ive  to the ambient  plasma was approx imate l y
fo u r . l - a I  h -~ec’ nd of d a t a  i - e p i c  - ents  approximate l y 19 deg rotat ion of the sa te l l i t e
: ihs - u t  i ts  sp i n a x i s , u i / i s  the  r a i n  d i r e c t i o n  passing throug h the zeni th  of the .sen—
, i - r ’ s f i e l d  oi view . A l s o  shown is the cu r ren t  curve given by Eq. (10) and the cur-
rent  curve  given by lo of Eq. (8) when q~’a ‘> 1, that  is , the “ cosine” formula  used
by Lai et al . 2 It is obvious tha t  the cosine formula  is a poor model for the data.

• The comp lete unobs t ruc ted  sensom- formula  represented  by l o of Eq. (8) wil l  give
a l i i i , s t  ident ical  representat ions for the data  (in the l e f t - s ide  and center of Figure 7 ,
but -s ill give a value much larger than  the data  on the r ight -s ide  where the cur ren t
decrea,es  i-apidl y due to the obst ruct ion of the field of view . As the Mach number
appr(Iaches one , the d i f f e rence  between the cur ren t  calculated by the formula  for
the u n o b s t r u c t e d  sensor and the formula  for the obs t ructed  sensor wil l  become
si gn i f ican t  at all parts  of the current  versus t ime  curves .
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Figure 7 . C o m p a r i s o n  of the Best Fit Possible With the Unobs t ruc ted  1- h o - v

Formula and the Formula Obtained Herein
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