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I - .  THE DYNAMICS OF A SPINNIMG-SOLAR-PRESSUFU3-= 

STABILIZED SATELLITE UITH PRECESSION DAMPING 

by 

John V. Harrington 

1. In t roduct ion  

A spinning,  a x i a l l y  symmetric, solar o r b i t i n g  satel l i te  

tends t o  be a l igned  with the solar r a d i u s  vec tor  when t h e  cen- 

troid of the solar radiation p res su re  is displaced from t h e  

c e n t e r  of g r a v i t y  of t h e  satell i te.  

on the satel l i te  is that furnished by the r a d i a l l y  directed.. 

r a d i a t i o n  pressure ,  the motion of the  satel l i te  w i l l  be a pre- 

c e s s i o n a l  motion about t h e  r a d i a l  d i r e c t i o n  w i t h  a cone angle  

determined by t h e  i n i t i a l  condi t ions.  To cause t h e  s p i n  a x i s  

t o  become co-incident  wi th  t h e  solar r ad ius  vector, i .e .  t o  

reduce the cone angle ,  a torque or thogonal  t o  t h e  spin axes and 

t o  t h e  rad ia t ion-appl ied  torque must be exe r t ed  on the precess- 

i n g  vehicle. This may be accomplished either by a c t i v e  means 

involv ing  the use of micro thrus te rs  or  the r e r a d i a t i o n  of thermal 

energy i n  an orthogonal d i r e c t i o n ,  or effectively by having a 

loss mechanism i n  t h e  system sensi t ive t o  t h e  cornponent of 

angular  v e l o c i t y  orthogonal t o  the s p i n  a x i s ,  i.e. s e n s i t i v e  t o  

t h e  rates of r o t a t i o n  and precession of t h e  sp in  ax i s .  

I f  t h e  only torque  a c t i n g  

Microthruster  methods have been inves t iga t ed  by H. Marchettal 

and the thermal r e r a d i a t i o n  poss ib i l i t i e s  by C. A. Peterson2.  

I n  an earlier s tudy ,  J. L. Carroll and R. C. Limburg3 
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t he  comprehensive dynamical equat ions for a solar-pressure-  

s t a b i l i z e d  satel l i te  on a computer and gave p a r t i c u l a r  emphasis 

t o  the l i b r a t i o n a l  motion of a nonspinning sa te l l i t e  about the 

r ad ius  vector. G. Colombo4 suggested t h a t  keeping t h e  probe 

spinning,  poss ib ly  a t  a constant  rate,  would h e l p  t h e  s t a b i l i z a -  

t i o n  problem. H e  analyzed t h e  gene ra l  behavior of the spinning 

s a t e l l i t e  t o  orthogonal-erecting torques and proposed maintain- 

i ng  the  s p i n  of t h e  satel l i te  by t h e  use of radial  vanes acted 

upon by t h e  solar r a d i a t i o n  pressure.  

I t  is  t h e  purpose of t h i s  p re sen t  no te  t o  derive express ions  

for the dynamical behavior of both spinning and nonspinning 

radiat ion-torqued satel l i tes  when t h e i r  motion is damped by a 

loss mechanism, s e n s i t i v e  e i the r  t o  t h e  p recess iona l  or libra- 

t i o n  motion of t h e  sa te l l i t e .  The equat ions of motion are formu- 

lated by using t h e  Euler-Lagrange equat ions w i t h  t he  r o t a t i o n a l  

and precess iona l  losses represented by a Rayleigh d i s s i p a t i o n  

term. E x p l i c i t  s o l u t i o n s  are found for t he  r o t a t i o n  angle  and 

precess ion  angle  as funct ions of t i m e .  The c o e f f i c i e n t  of  t h e  

Rayleigh d i s s i p a t i o n  term i s  f u r t h e r  related t o  t h e  s p e c i f i c  

measurable parameters of  a v ib ra t ing  viscous damper located on 

t h e  per iphery of t h e  spinning s a t e l l i t e  and dr iven  by accelera- 

t i o n  p a r a l l e l  t o  t h e  s p i n  a x i s .  The s l o w  r o t a t i o n  of t h e  solar 

r a d i u s  vector corresponding t o  the  o r b i t a l  angular  v e l o c i t y  of 

t he  sa te l l i t e  prevents  the  sp in  a x i s  from e v e r  being completely 

ali-gned w i t h  t h e  r ad ius  vector and, f o r  a cons tan t  angular  velo- 

c i t y ,  w i l l  cause it t o  precess  a t  some equi l ibr ium cone angle  

whose value is determined. 



2. Basic Equations 

We use the set of coord ina tes  designated by the  Euler  angles:  

e ( t h e  r o t a t i o n  angle)  

9 ( the  precession angle)  

and $ ( t h e  s p i n  angle) 

The satell i te is assumed to be a x i a l l y  symmetric and t o  have 

t h e  gene ra l  shape shown i n  Figure 1 such t h a t  i t s  moments of 

i n e r t i a  are: 

11 = I2 = A; 13 = C r11 

The k i n e t i c  energy term may be wri t t en :  

2 2 
1 /2  f l  u: + 3/2 r2 u p  + 1/2 1 3  u 3  - T 

The angular v e l o c i t y  components about the body axes, written 

i n  terms of the Euler angles, are: 

w 1  = i s i n  e s i n  9 + 4 cos q, 

up = i s i n  e cos JI - i, sin . 
0 3 = 4 J + ~ c o s  e - a  

The k i n e t i c  energy may then be expressed as: 

I n  gene ra l ,  the Rayleigh d i s s i p a t i o n  term is given by: 

W e  s h a l l  assume n e g l i g i b l e  damping about t h e  s p i n  axis so that 

F3 = 0 ,  and we s h a l l  assume a x i a l  symmetry so that  F1 = Fp, in 



- 4 -  

which case the  e f f e c t i v e  Rayleigh damping term expressed i n  

Eu le r  angles  is given by: 

163 = 1/2 F fD + i 2  s in2  e l  

The p o t e n t i a l  energy term for  t h e  sa te l l i te  is t h a t  due t o  

the solar r a d i a t i o n  pressure  and is  simply given by: 

where p is t h e  i n c i d e n t  pressure  of r a d i a t i o n ,  S is the  e f f e c -  

t i ve  area of t h e  vane and a is t h e  moment arm measured from the  

c e n t e r  of pressure  of the vane t o  the  c e n t e r  of g r a v i t y  of the  

satell i te and T-, is  a c o e f f i c i e n t  having a va lue  between 0 and 2, 

depending upon t he  manner i n  which the  i n c i d e n t  energy is  re- 

flected, absorbed, an2 re rad ia ted .  I n  our work w e  s h a l l  assume 

I-I = 1, corresponding t o  a nonspec t ra l ly  r e f l e c t i n g  vane s u r f a c e  

wi th  i s o t r o p i c  r e r a d i a t i o n  of t he  absorbed or  scattered energy. 

By minimizing t h e  energy given by ( 4 1 ,  [6], and 17) through app l i -  

c a t i o n  of t he  Euler-Lagrange equat ions ,  w e  f i n d  the following 

three fundamental d i f f e r e n t i a l  equat ions  governing t h e  fiyna-ical 

behavior o f  t h e  sp inning  satell i te.  The equat ions are s imilar  

to  those for  t h e  spinning top i n  a g r a v i t y  f ie ld .  

d d4 - [ 1 ~ s i n 2 e -  + + w o s e )  case1 
. . 

dt d t  / 
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Since w e  had earlier taken F3 t o  be 0 ,  we f i n d  t h a t  the momentum 

about the spin a x i s  is conserved and t h a t  

$ + (0 cos 6 = Q = cons tan t  

I f  we f u r t h e r  restrict our a n a l y s i s  t o  the  s i t u a t i o n  where t h e  

s p i n  is high canpared to  the p recess iona l  or  r o t a t i o n a l  veloci- 

t ies,  i,e. 9 = 9 >> 4,  then we can s a f e l y  neg lec t  t he  h igher  
b . 

order derivatives i n  (81 and [9] and f i n d  the following t w o  

r e l a t i o n s h i p s  which descr ibe  the  desired motion. 

cosine 3 c F = - (psa) s i n  e 

. 
I t  is clear from [12 ]  t h a t  the  r o t a t i o n a l  ( 8 )  and preces- 

b 

s i o n a l  ( 4 )  velocities are coupled through the  loss mechanism 

and t h a t  (121 and (131 may be solved t o  ob ta in  a d i f f e r e n t i a l  

equat ion  in r o t a t i o n  only in which t h e  effect of the p recess iona l  

motion is  simply t o  augment t h e  pure r o t a t i o n a l  damping by an 

a d d i t i o n a l  term, thus  : 

de = psa s i n  8 + F) 
cn 

When t h e  s a t e l l i t e  is n o t  spinning,  il = 0 ,  w e  f i n d  from (81 t h a t :  

de = - (ps t )  sin e l lm+Faz d2 8 

T h i s  desc r ibes  an o s c i l l a t o r y  motion of t h e  vehicle wi th  a 

l i b r a t i o n  frequency when 8 is small, given by: 
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The r o t a t i o n  rate [14] may then be w r i t t e n  as: 
2 

de sin e 
d t  CS2 F + (E' 

and t h e  precession rate [l2] as: 

1171 may be i n t e g r a t e d  d i r e c t l y  t o  ob ta in  an exac t  s o l u t i o n  for  

t h e  cone angle  decay as a function of t i m e .  

The decay is nea r ly  exponent ia l  and even fox large i n i t i a l  

angles (Figure 2) is closely approximated by: 

-Bt e = eo€ 

F O ~  e < the exponent ia l  approximation i s  q u i t e  accura te .  

Minimum r e l a x a t i o n  time or  alignment t i m e  is obtained when 
CQ - = 1 (Figure 3). Under these cond i t ions ,  t h e  r o t a t i o n  and F 
precess ion  rates are approximately equal  for large 8 and the  

rate of precession is one-half of its l o w  loss value. 

A comparison of [la] and f19] will show t h a t  4 and B are 

simply related by: 

so t h a t  
cn 1 

t r = (7) 



CSl For minimum re l axa t ion  t i m e  (T) = 1 i n  which case:  

Tr ,I = &  [231 

124 w& [241 
2 

$1  

+ l  " T C  D 
. where 

. 
I f  fr is  t o  be small, t h e  precession rate 4 must be large, and 

- 

s i n c e  this is  p ropor t iona l  t o  to; a r a t h e r  high l i b r a t i o n  rate 

is very desirable. 

3. Body Accelerat ions 

I n  the preceding sec t ion  we described the  dynamic behavior 

of the spinning veh ic l e  i n  terms of an a r b i t r a r y  damping f a c t o r  

F. 

specific loss mechanism on the sa t e l l i t e  so t h a t  a determinat ion 

of i ts  magnitude from e x p l i c i t  or measurable parameters of the  

damping mechanism may be made. 

g e n e r a l i t y ,  we can assume that  t h e  dampinq w i l l  b2 furnished. by 

the o s c i l l a t i o n s  of a small mass e l a s t i c a l l y  coupled t o  the 

vehicle a t  some p o i n t  displaced from i t s  center of g rav i ty .  I f  

r is the p o s i t i o n  of t h e  mass relative t o  t h e  body axes (Figure 

The nex t  s t e p  i s  then t o  relate the magnitude of F to  some 

'Without appreciable loss of 

-c 

4X then the  fo rces  a c t i n g  on the mass are: 

where r is the p o s i t i o n  on t he  body t o  which the  mass is  elas- P 
t i c a l l y  a t tached .  By rewr i t ing  1251 i n  the  form 

.. f 

m6 + f8 + k6 = - m r  P 
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where 
1 

L 

it is made more ev iden t  that the d r i v i n g  fo rce  f o r  t h e  dissipa- 

t ive  relative motion b e t w e e n  the mass and the  body is t h e  accel- 

eration of t h e  po in t  to which t h e  mas8 is  attached measured 

relative to the body axes. 

The components of angular  v e l o c i t y  about the body axes w e r e  

given earlier as equat ion 131. The corresponding component of .. 
angular  a c c e l e r a t i o n ,  when e and are n e g l i g i b l e ,  are given by: 

These may also be wri t t en :  

where B s i g n i f i e s  terms of t h e  order o€ e*,  etc. i n  magnitude. 

If we can n e g l e c t  the o r b i t a l  a c c e l e r a t i o n s  applied t o  t h e  c e n t e r  

of g r a v i t y  of the  spinning s a t e l l i t e ,  then t h e  a c c e l e r a t i o n  a t  

a vector distance "r frorn t h e  c e n t e r  of g r a v i t y  is given by 

[291 
+ + + +  + +  a = w x  ( w x r )  t ; x r  

+ + 
(Thompson, page 2 1 6 ) 5 .  I f  w e  t ake  3 = r l i  + r 3 k ,  t hen  by direct  

s u b s t i t u t i o n  of [3] and (281 i n  [ 2 9 ] ,  w e  f i n d  t h a t  t h e  accelera- 

t i o n  vector is given by: 
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Recalling that 
W 

n = J I + o c o s e  

then for the important case when 

JI >> o r e  
W 0 0  

it follows that 
* 

and 

Q - nt 
The angular velocity components wl,w2 as given by (31 have mag- 

nitudes proportional to 4 and 0 and fluctuate at the spin rate 
* * 

a .  Examination of f301 reveals that the dominant oscillatory 

and is a single frequency term directed along the spin axis. 

If rl is taken equal to zero and r 3  is large (corresponding to 

the excitation of a damping mechanism at the end of the boom 

supporting the sail), the principal fluctuating acceleration 

components are in the i and j directions and are much smaller 

than [31) by the ratio of 8 or $ t o  ilw 
W 0 

4 ,  Damper Dynamics 

If we then re turn to the case of a small mass m constrained 

to m o v e  parallel to the s p i n  (k) axis and located a distance r1 

from that axis, w e  find, using [31] as the value of r in 1261, P 
that the displacement tSk of the mass will be given by: 

.. 



I -  

A- s i n  (Qt + X )  

where 

and 
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[321 

The power d i s s i p a t e d  by the damper is  given by f ti,) 2 ,  

6k is  o s c i l l a t o r y ,  it is  also equal  t o  fn2(6k)2. 

for t h e  average power loss i n  t h e  damper is  then: 

Since 

The expression 

which, by comparison w i t h  161, the Rayleigh d i s s i p a t i o n  term, 

shows F t o  be: 

4fr: n4 

or 

Hence we have found an expression for  the  precess ion  and r o t a t i o n  

damping factor i n  terms of the measurable parameters o f  t h e  peri- 

p h e r a l l y  mounted l inear  v ib ra to r .  

While [36] was der ived  for t he  case of a s i n g l e  vibrator,  

if a number of i d e n t i c a l  vibrators are symmetrically spaced around 

the periphery as requi red  for dynamic balance, then  t h e  same 
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r e l a t i o n s h i p  holds w i t h  rn i n  [33]  being i n t e r p r e t e d  as the sum 

of t h e  ind iv idua l  damper masses. 
The sp in- to-d iss ipa t ion  ra t io  (7) CSl which appears i n  119) 

is  found t o  be: 

where 

fin = m r f  Ig 4- Im = c 

T h i s  expression i s  nondimensional and i n d i c a t e s  tha t  the effec- 

t i v e  damping of t h e  rotational motion of t h e  sa te l l i t e  depends 

on three ratios: the ratio of the  moment of i n e r t i a  of t h e  

satell i te to  t h a t  of t he  damper about t h e  s p i n  a x i s ,  t h e  ra t io  

of t h e  s p i n  angular  velocity r e l a t i v e  to t h e  resonant  frequency 

of t h e  damper, and f i n a l l y  the damping r a t io  t for the damper 

itself 
cn The expression f371 for (-$ may be s i m p l i f i e d  i n  three 

important  s i t u a t i o n s  for  Q a t ,  w e l l  above, or w e l l  below, reso- 

nance. 

I* For n = nd 

11. For Q > >  Dd 

E381 
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1 m is  the damper r e l a x a t i o n  t i m e  i n  the  s i t u a -  ‘d where 

t i o n  where k = 0. 

1x1. For n << nd 

E401 

If we recall from the discuss ion  on page 6 t h a t  the minimum 
r o t a t i o n  t i m e  w i l l  be obtained when ca = 1, w e  observe t h a t  t h i s  

is only achievable  i n  cases I and I1 and no t  i n  111 where the 

value of w i l l  be very much greater than uni ty .  

practical  p o s s i b i l i t y  for t h e  moment of i n e r t i a  of the damper 

to be made t o  be one-fourth of t h e  major moment of i n e r t i a  C and 

for  t h e  l i n e a r  vibrator to  be underdamped such t h a t  = 0.5. A t  

resonance % w i l l  then be equal t o  un i ty  and w i l l  produce the  

minimum r o t a t i o n a l  r e l axa t ion  time. 

CQ It is a 

Case I1 p e r t a i n s  t o  t h e  important s i t u a t i o n  where t h e  damper 

motion is  h ighly  viscous rather than  resonant.  Equation (391 

implies t h a t  - CQ w i l l  be a m i n i m u m  when Or,.= 1, i.e. when the  
F 

r e l a x a t i o n  time of t h e  viscous damper i s  chosen t o  be 1 t i m e s  

the s p i n  period. 

drag does n o t  allow s u f f i c i e n t  motion of the  s m a l l  mass t o  pro- 

duce much energy loss per  cycle. 

s m a l l  mass simply o s c i l l a t e s  a t  t h e  s p i n  frequency a g a i n s t  a 

viscous drag too small t o  a f f e c t  i t s  motion s i q n i f i c a n t l y .  

For td much larger t h a n  t h i s ,  t h e  large viscous 

1 
n Conversely, for Cd <<  - t h e  

Thus for  a viscous damper 

CQ when fird = 1 (+ “ Z f  min m 
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which i s  numerically i d e n t i c a l  t o  t h e  case  I va lue  for  

The use of a resonant  damper, p a r t i c u l a r l y  a t  c c <  1, w i l l  lead 

t o  a minimum weight damper but  one effective over  a narrow range 

of spin rates. 

over a broad spin i n t e r v a l .  

= 1. 

The viscous damper on t h e  other hand i s  e f f e c t i v e  

5 .  Effect of An O r b i t a l  Angular Velocity 

The earlier r e s u l t s  indicate t h a t  w i t h  a sun l i n e  s t a t i o n a r y  . 
i n  i n e r t i a l  space,  the spinning s a t e l l i t e  w i t h  8 and 4 damping 

w i l l  come to equi l ibr ium al igned w i t h  t h e  sun l i n e ,  i.e. w i t h  

8 = 0 .  I n  fact ,  of  course,  t h e  o r b i t a l  angular  v e l o c i t y  produces 

i n  effect a r o t a t i o n  of the sun l i n e  i n  i n e r t i a l  space and t h e  

consequences of t h i s  rotation on the alignment of t h e  s p a c e c r a f t  

with t h e  moving sun line are of interest. The detailed a n a l y s i s  

of the motion of a spinning vehic le  re la t ive t o  a moving coordi- 

n a t e  system is  a t  best a complicated process  b u t  i n  this s p e c i a l  

s i t u a t i o n  i s  s u s c e p t i b l e  t o  a simpler t reatment .  

If t h e  sa te l l i t e  is  precessing a t  cons t an t  angular  v e l o c i t y  

about  the sun l i n e ,  i t s  instantaneous angular  v e l o c i t y  i n  t h e  

d i r e c t i o n  perpendicular  t o  the o r b i t a l  plane a t  t h e  p o i n t  of 

maximum displacement from t h i s  plane is: 

wi = cp t a n  e E421 

I f  t h i s  v e l o c i t y  is j u s t  equal t o  the orb i ta l  angular  v e l o c i t y ,  

w an equi l ibr ium condi t ion  r e s u l t s  i n  which the  sp inning  satel- 

l i t e  w i l l ,  i n  f a c t ,  cont inue to precess about t h e  sun l i n e  b u t  
0' 
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w i l l  appear t o  orb i t  t h e  sun w i t h  i ts  s p i n  a x i s  s l i g h t l y  inc l ined*  

by an angle eo t o  the orbi ta l  plane such t h a t :  

0 

w = 4 t a n  9, r431 0 

I f  t he  s p i n  

i n c l i n a t i o n  

be true for 

momentum vec tor  is directed away from t h e  sun, t h e  

w i l l  be above the orbi t  plane and the reverse will 

the oppos i te  d i r e c t i o n  of spin.  

4 a a 22 

Since  

[ 4 4 1  
2 1  

and from Kepler's second law 

w o r 2  = H = constant  

then  
0 t a n  8, = - W 

4 

is independent of r and t h e  i n c l i n a t i o n  angle w i l l  be cons tan t  

throughout an eccentric h e l i o c e n t r i c  orbit. 

6 .  Applicat ion t o  Sunblazer V e h i c l e  

For a short ,  a x i a l l y  symmetric body, t h e  r a t io  of the  moment 

about  a diameter to  t h a t  a b o u t  t h e  a x i s  of symmetry is As 

t h e  body is lengthened along the s p i n  a x i s ,  the r a t io  inc reases  

toward uni ty .  I n  moment-free precession s t a b i l i t y  cons idera t ions ,  

i . e .  the prevent ion of tumbling or s p i n  conversion, r equ i r e  

I3 > >  11. While t h i s  is n o t  n e c e s s a r i l y  t h e  case when solar 

* 
Leverett Davis. 

T h i s  p o s s i b i l i t y  was f i rs t  suggested t o  m e  by Professor  
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pressure  torques are present ,  it would s t i l l  seem prudent t o  

r e q u i r e  the major moment of i n e r t i a  t o  be about t h e  s p i n  a x i s  

so t h a t  a p r a c t i c a l  and acceptable  value for the moment ra t io  

is: 

The minimum r e l a x a t i o n  t i m e  [23J may t hen  be w r i t t e n :  
2 

= 4 5 = 4  
‘spin ‘min a 

The importance of a s h o r t  l i b r a t i o n  period is again ev iden t  

b u t  t h e  p r a c t i c a l i t i e s  of achievinq large vane areas without  re- 

s o r t i n g  t o  d i f f i c u l t  unfolding s t r u c t u r e s  which are l i g h t  enough 

t o  avoid s u b s t a n t i a l  increases  i n  Il mitigate  a g a i n s t  t R  being 

much less than L O 3  sec. For example, t he  design of Figure 1, 

weighing 10 kg w i t h  an 0.2m r ad ius  of gyra t ion ,  having a s a i l  

area of 1 m2 and a moment arm of 1 m w i l l  have a l i b r a t i o n  fre- 

quency of: 

or 

If t h e  sa te l l i te  s p i n  rate is  t h e  1 r p s  imparted dur ing  launch, 

then  : 

= 5.7 1 0 6  sec = 66 days 4 (1 .2)  2106 
1 f =  

1: 
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which would be unacceptably long so t h a t  some degree of despin- 

ning is  indica ted .  

I n  T a b l e  I the equi l ibr ium i n c l i n a t i o n  angle  and the  i n i t i a l  

alignment t i m e  have been ca lcu la t ed  for an achievable range of 

s p i n  sates. 

6 rpm even for minimal damping 

to a l i g n  itself w i t h i n  0 . 5 O  of the sun l i n e  and would permit 

alignment 24 days af ter  i n j e c t i o n .  

It appears t h a t  despinning "Le veh ic l e  to about 

= 10 {Table If) would allow it 

For more optimal damping, 

= 1 ( T a b l e  I ) ,  the  i n c l i n a t i o n  angle would st i l l  be less than F 
one degree b u t  equi l ibr ium would be achieved 5 days a f t e r  launch. 

Recal l ing that for a uniformly loaded drum-shaped sa te l l i t e  

of r ad ius  R and mass M, the  axial moment of i n e r t i a  C is: 

Fur the r ,  s i n c e  Im = mR2 for a p e r i p h e r i a l l y  mounted damper 

(ri = R), then: 

and a t  damper resonance I381 becomes: 

For this t o  be u n i t y  w e  require: 
F 
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The r e l a t i v e  weight of t h e  damper may be smaller as i t s  

motion becomes more h ighly  resonant  (i.e. as c<1). Unfortu- 
n a t e l y ,  t h i s  also reduces the  range of s p i n s  over  which - Cfl = 1. 

F 
Using 5 = 0.5 implies i n i t i a l  damping which i s  n o t  d i f f i c u l t  t o  

achieve; i n p l i e s  t h a t  t h e  damper mass, i f  mounted a t  t h e  satel- 

l i t e  per iphery,  must be about 

provide e f f e c t i v e  damping over a 1O:l range of s p i n  rates (Fig- 

of the  sa te l l i t e  mass and w i l l  

u r e  4 ) .  I f  t he  damper is mounted f u r t h e r  from t h e  s p i n  a x i s  or ,  

even better, i s  incorporated i n  t h e  antenna or vane assembly, a 

smaller mass is  usable .  For a nominal s p i n  rate of 2 rpm (0 .03  

r p s ) ,  t h e  resonant period o f  t h e  damper must be 30 sec and is  

achievable  by simple mechanical means. For less than optimum 

damping, such as when - '* - - 1 0  (Table 11), t h e  requi red  damper 

mass is considerably reduced and is only & of t h e  s a t e l l i t e  

mass for the  same ( 5  = 0.5) damper bandwidth. 

F 

The ques t ion  of t h e  constancy of the  s p i n  rate is an impor- 

t a n t  one. 

mechanism i n  6 could be t h a t  would produce appreciable s p i n  decay. 

The eddy c u r r e n t  losses experisnced by spinning s a t e l l i t e s  i n  

I t  i s  d i f f i c u l t  t o  envisage j u s t  what t he  d i s s i p a t i o n  . 

earth o r b i t  are t r i v i a l  beyond a few earth r a d i i ,  and other body 

force mechanisms only produce 9 and 4 damping. As e a r l y  exper i -  
0 

mental  proof of t h i s  a s s e r t i o n ,  Pioneer VI'S s p i n  r a t e  has been 

observed t o  decrease from 59 t o  about 58 r p m  a f t e r  t w o  months 

i n  i n t e r p l a n e t a r y  space. Even t h i s  s m a l l  decrease may be a t t r i b -  

u t a b l e  t o  some suspected minor gas leakage i n  t h e  a t t i t u d e  c o n t r o l  

system. 
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