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A bstrrrtt 

The exploitdioh of the data provided by the Ctictus accelerometer, developed 
a t  ONERA, which makes up the phyload of the D5B Castor Satell'te of CNES (the 
French Space Agency) conPirmed the existence of an electric current charging the 
proof mass d e r  the influence of the magnetospheric protons, and revealed a 
periodic variation of this curpent, due to the passage of the apogee through the 
South A tlantlc magnetic anomaly. 

The papet. presents the results of in-orbit measurements of this charging cur-  
rent, and those of Calculations made for  determining this current and its variations 
from data on protoh flux at the satellite altitudes. The comparison of measured 
and calculated values shows that the calculation method is valid and precise enough 
to be used for drag-free o r  accelerometric satellites. 

A "drag-free" satellite 1 is essentially made of a proof mass protected from 

the surface forces acting on it and which are due to the slowing d6wn created by 

the residual atmosphere as we l l  as  the various radiallob pressurea. The plloting 
system af the satellite controls the thrusters in such a way that the rage cbntaining 
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the proof iiiad3 never comeil Into contact wlth i t ,  

In principle purely pnvitatlonal, 
of the durfacc forces i H  not porfcct, Chc rcdiduc? ( J f  compcnfiatlun bclng (iuc tu 
internal psrturbnblng force+ nctinfi on tho prod mwm and thuR niodifylng thc 
rrtcrcncc trajcctory. 

function takw plncc by the action of n force on thc proof mn3s ."io that tlw latter i3 
malntnlnsd In the vicinity O F  the sa&;@ ccnter. 9'11~ irieasurctticnt of thv intcrnal 
t'urccs developed by the servo-eontfol then ctxwtitutsd a n i e a s u r ~  o f  thc. suin ol' t h c 1  

surfnee forces acting on the satellite. The internal pc!*tutilmting forecis arc also 
at the origin of the physical limitations pertaining to this type of instrunrent. 

tion belts makes up one of the main perturbations, all the more S O  3s this electrifi- 
cation may increase with time and reach high levels. 

So, during the definition of B drag-free o r  accclerometric satellite, is 

important to be able to determine a priori the  value that w i l l  take the cucrent 
charging the proof mass in orbit so as  to decide on the procedure to implement to 
compensate this effect. 

The present paper gives the results of a comparison which has been made 
between this charging current as  calculated for a particular orbital configuration, 
and the results of measurements obtained in orbit on a three-axis accelerometer 
(Cactus) making up the payload of the French satellite D5B-Castor. 

The ;iatollltc tr'ajoclor)' i; then 
In prarflcc, tho compcn.-iat!on by thr, thPuitc3tu-i 

2 The 3tructurc of an drceleromctrtc natcllltc I.i dlnrilar, but th(* ~e wo-contrsl 

Electrifleation of the proof mass by proton and electron fluxcs from t h e  radia- 

L.et us consider (Figure 1) a material sphere of mass m placed inside a cage 
fixed within a satellite. The mass  of this satellite - including that of the proof 
m a m  - is M. The position of the proof mass  center OB is defined by the vector 

in a reference f rame OsXYZ linked io the satellite and such that Os be at  the 
center of mass of the satellite. 

., 

Let it be: 

FL the resultant of the internal forces of attraction of the proof mass by the 

FE the resultant of the  surface forces acting on the satellif, (otmosphertc 

Fp the thrust due to the thrusters, and 

cB and GS the local gravitational acceleration ih OB and Os. 

4 
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Figure 1. Drag-Free or Accelero- 
metric Satellite Definitions 

If ? and rs represent respectively the coordinates of OB and 0 S in an ab- B 
soldte frame of refetenck, the movements of the proof mass (m) and the satellite 
alone (h - ml are given by the equation of dynamics: 

2.1 Ihtug-t'rrt~ Sutdlitc. 

If we suppress any link between proof mas3 and cage 
of the proof mass is purely gravitational. 

: 0), the trajecto-y L. 

By plloting the satellite in such a way that, under the action of the thrusters, 
the aniplitude of E remains at  any moment lower than a value E M  previously 
chosen, we have a satellite whose trajectory can also be characterized as purely 
gravitational, as it only differs froin that of the proof mass by a distance almost 
equal to €M, a distance always small  as compared tu the satellite dimensions. 

tory of the satellite departs from a purely gravitational trajectory and the metric 

-.. 

4 

But if a perturbating force f remains between the two bodtes, the true trajec- 
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~ ~ t ~ ~ - t ~ l ( ~ i - ; > r i n n  iinpl.;ed on t h e  satellite by the external forces - apart from 
: . . . I  :if-. - i-. iv{ti:>l to  thc force o f  proof mass-cage liaison divided by th t  mass of the 
I , ! . ,  1 1 ' : t  i :. 'Fliiis, tlie !nea.;breriicnt of this liaison force r.' makes it po.;.iible t o  

. 1 . t  1 1 1 1  t.tv;llltnnt of csternal forces F' 
4 I .  - E' 4 

1 1 '  :iii ititc.l.rl:tl prrturhnting force t' is added to the force I-' devcloped by the 
- 1 ~ ~ m t v ~ 1 ,  the measure of the acceleration the to the external forces is then 

1. 
. 4 ' i ' \  

' * I I  : ' : l i ~ ~ -  11y + y i t e : i m t i c  error equal to f ,  in. - 

I i i  I , t l f l i  <yjtcl113 thnt have been just described, the perturbation (of the trajcc- 
4 

* L . ~ ' x  f i r  fhv  f o r e  e me:isureinert) is directly given by the acceleration f,/m that 
* I : !  I~c~r.l l ir t~~tit ig forr e would communicate to this proof i i iors alone. 

'! k v - f ,  ;wr~!urInting forces are of vafious natures and have already h e m  the 
' . i s ! . . .  t t l r  r l~* tn i l~d  studies' a s  w e l l  2.s of nieosureiiients in flight. 4, 5 ,  r, Among them 

c . s . ! ~ c . c >  Iit-ovidrd by the defect of electric neutrdlity of the praof niacs constitutes 
' * e ! ! i t r4rnt ic~n Ih:rt nioy bwome very importAnt. 

1 ! i w t c , , l  t o  nn xttractihg force by the cage walls on which are induced electric 
f I ~ : I I . v ~ ~ ~  w l i c ) - w  ivni is equal and of contrary sign to the charge carr ied by the proof 

In this rase,  the prooi *:iass is 

1 1 
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the proof inass. 

OsOl arid f i  is a cocfficicnt dtafincd Iy* thv gcc)nic%try o f  t he  in~t iwi icnt .  
This force id  thus proportional t o  tlic square of tlic c * l c c * t r l c  c.Iiar'go t*nrrqicd bv 

This may h a w  two very diffewRt origins. 
(1) EleCtrification of rnterhal origin Mhich nppt*ar~ \sIicIn thr proof I I I ; I J ~  ICWVP- 

i ts contact with the cage, a contact obtained citlier in the prcscncc. of gravity ( t m  

tho ground) or under the action o f  a force obtained by rcm(btc c'cWro1 (in orbit). 
This electrification is due to the charges dcvcloped eitlirr by instantaneous poten- 
tials of the various electrodes o f  the cage o r  by the differences o f  thc \\ark Tunc- 
t ims  of the material$ niaking up the proof iiiass and the (.age ~ a l l a .  

trating into the satellite, originated by the high energy particles (if tht. iwiiaticm 
belts. 

(2)  E1ectrificatic:i of external origin due to  the* accuniulatiun o f  cliargcn pcnc*- 

The first kihd of electrification niay be nrini1iii2c.d by appropriate ti5clinviol:rlcal 

nieans. The second appears as a cwrrcnt charging the proof iiiass H l ic iacs  o r . c l c i .  \ i f  

niabmitudt. is hardly predictable without a detailed study. Indeed, i t  i -  vt.r> diPfi-  
cult to know B priori i f  the  pruof iiiass charge will reach ;i prohitutivr v : i l w  irithin 

;i few days or few )'ears. 

acceleroiiietric satellite, to forc.sec the adequate nieans for' dischnrging t h c .  prclof 

mass ,  it is highly desirable that their  optiwi.ration riiight take i n t t ,  at*rlmnt thc 
itiaxiniutii and niihiniuni valuw of the electric current that will c.hargt. t h e  prwf 
mads I I I  orbit. 

Though i t  is necessary, during the project o f  a drag-f rw s ; i t c l I i C c b  ( I I -  ntr 

The Cactus accclcrunieter (in k'rench: Capteur wwleruni6trique c a p ; ~ i t i  f 
triaxial ultra sensible) has been desigicd and h i l t  by ONEHA, and made up t l ir  

payload of the French satellite Castor  (1>5n) p1act.d in orbit on 17 hlay l!bC5. 
satellite has been built and 1aunchr.d by CNES (The French Sp:ic~ Akt-nr)) w h c i  
ensured the further explritation of the instrunientat ion, 

lliis 
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The Cactus acceki-ometer has a measuring range (Jf f l o - "  g on each C J ~  its 
three axes. 
ing at 10'' g. These values, as well as all the  otllcr charnctcri.-;tic.i, have bven 
confirmed by the result3 obtained in orbit. ' I  

whose mass is 350 g - p1acc.J in a cage fortiling with i t  a gap Of STI bin (k'igure 2) .  
The force linking proof inass in cage is of &lcctrostatic nature and i.-* obtained by 
means of continuous voltages applied on three . i=pteni.i  of electrock5 distributed 
over three orthogonal axis. 
displacement of the proof niass in the cage thanks to another set of electorder; 
r ea l i~ ing ,  on each axis, a capacitive n-.Ba.iureinent Of position. The system func- 
tions by position servo-cohtrol Qf the proof mass and the measure of the voltages 
applied on the acting electrodes on each axis makes it possible, after preliminar? 
calibration, to know the  liaison force itI. and t h u s  to determine t h e  ,uni of the  
external forces I ' ~  (Eq. (4)). 

The sum of intci ,?a1 perturbations has been evnluntcd before laLnch- 

Thc core of the accclcrc~nieter is tilade by a proof inn iz  111 rhodintcd plntinuiii - 

These voltages are made proportional 10 tho re!ative 

4 

f.;,pre 2. Cage, Proof Mass and Electrodes o f  
the CRctus Accelerometer 

The DSB/Cactus experiment airnr:d at: 
(1) ensuring qualification in orbital flight of the accelerometer, ' and 
i 2 )  providing scientific data on aeronomy. 
The crhit chosen was slightly exeentric, with an inclination of 30". 

8 

The alti- 
tudes of apogee atid perigee o f  ihc first orbit w e r e  respectively 127> km and 277 k i n .  

190 
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1.2 Vif:sl ( :~ i I idu l ibnh af thv I h e f  #UhM (:hutphg (:i"nl 

At the same time a s  tho studles for defining this expcrtmi?nt, theoretical and 
cxper imeritnl stbdies ', ''8 l1 wePe perfurfhed with a view to attempt to determine 
the mean value of the proof mass charglng current. 

These wofks  shovired that: 
( I t  the evolution of thr? proof mass charge is essentially due to the banibard- 

(2)  the interactions of these two types OF particles with the satellite structure 
ment of the satellite by the  magnetosphere electrons and protons; and 

have widely diffetent characteristics. 

4 . 2 . 1  ELECTRONS 

While crossing the materials of the satellite and the accelerometer cage, the 
primary electrons give ride to secondary electrons and to photohs, part of which 
reach the proof ma68 and ihteract with it. 
photons circulate in both directions between proof mass  and cage!. The opposite 
fluxes of electrons a f e  not equal, hence the existence I f  a charging curreht whose 
value and sigh can be determitled only by a detailed study. 

The results  a r e  that electrons and 

4 .2 .2  PHOTONS 
Contrary to electrons, the protow crossing the matter do not generate second- 

a ry  effects of any importance, and propagate practically in straight lines. 
protons stopped within the proof mass a r e  at the origin of a charge increase. 

The 

The work cai-ried out at ONBRA showed that: 
(11 the charging curreht i s  essentially due to the primary effect'of the protons 

stopped by the proof mass; the presumed mean value of this curpent has been eval- 
ua:ed at  +(2 f 1) 

(2)  only the electrons whose energy i Y  about 4 MeV ran gtve a perceptable 
charging current; by extrapolation above 4 MeV of the known values of the flux, 
the presumed electronic charging rurrent  has been evaluated at -1.7 

per day, a s  a mean value, 

thus near t2.  

are described in Section 5.  

Coulomb per day; and 

Coulomb 

At the end of this study, the expected mean value of the charging current was 

The methods used to calculate this cvrrent, -IS well as  the assumption adopted, 
Coulomb per day, or 2.3. IO'" ampere, 

1.3 Ilt*trrminu(ioti in  Orbitul I.'light of thc Prod Vu** lihurging Currcwt 

The acceleration measured by the  accelerometer when the satellite is near i t 9  

apogee - where the atmospheric drag is negligible - and in the shadow of the earth - 
where the acceleration due to the sun radiation pressure disappears - constitutes a 

good measure of all the internal perturbations of the  instrument, as the only e r r o r  

18 1 
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of t h h  mea.rtirr!mcnt cahle:, ham the earth radlatiofi prel.r.rure, whtrh provides the 
satellite with an acCc!lerbtlbn of the order of 4. lo-'' g. 

wtth time ot thig aeceleratiod and by the returris of the latter tb i ts  bottom level 
dut'ing each contact between proof mads arid &age, Obtained by remote codtrol. 
nut, moreover, systematic readings of these data have also revealed time pertods 
of about.10 days, renewed every 38 days, and durhg which the charging crirrent 
bewm&s weaker. 

A s  an illustratioh, Figure 3 represehts the values of the modL'us of the accel- 
eration measured by the a&&elerometc?r when the satellite is at a high altitude 
betweed the 10th or and the 20th of August 1976. U e  can see! on this figure the 
periods when this current weakens: they are the periods Prom 18th to 31st o f  May, 
from 25th of June to 8th of July and from 28th of July to 10th of August. 
these, the charging current takes again a higher value characterized by the increase 
of the measured accClePatioti. 

The exislerice of a probf m a h  ehbrefng cuPrent lo w e l l  revecled b) an increadic 

Outside 

;" I E l e c t r i c  cantact bctwe&f  
p d o f  m a l l  and cage ,  
obtained by r e m o t e  control 

t 

Figure 3.  Acceleration Measured by Cactus at High Altitude 

Various methods have been used to determlne the chargihg current from the 
data transmitted by the satellite. These methods conaldf in identifying t h e  
various internal pefttirbattons and the accelerations due to the external forces 
frotn a realistic niodeltng uf these accelerattons and by using the attitude date of 
the 3eteillte. *hen the electric charge level becomes high enough, w e  consider 
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that the pertwbiulmi due to the charge constituft% the i;iain te rm o f  tho x*rt*Ic*rnti~m 
measured when the satOIlitf! id at  n high altltudc. 
data thefi permits n dimple bid sufficiently precise calculatiun o f  (4 and i t +  timc 
variation. 
is necessary. Coefficient I3 had been dcte1.mirit.d on the ground twforc 1aunc.h and 

ured in flight by a particular manoebvre"; i ts  modulus has the value 2. if; p m .  

as a mean value of the chtitging current during the considered periotl O P  tirne: 

I'sing K q ,  on the .iIllfJ(ithPd 

Por the nppLkation (Jf ~ c i .  (51, the knowledge of tlrc vnluei c ~ f  and - o 

has a value of 6.9 .  1017A-2s-4.  The compohents of the - n vector havc heen n l e a i -  

These various methods gave coherent results ahich a r c  a s  follow.,; cxpres>ed 

-For.periods with strong charging current: 
. From 28th bf June to 8th of July  1975: 2. I .  I C ) ' "  ('oulonlb per day (2 .4 .  10'lfiA) 
.From 3rd to 6th of November 1975: 1.3,10'11 Coulornb per day (1. 5 .  ltr'"' A )  

. From 10th to 20th of June 19?r 1.3. 1 0 - l '  Coulomb per day ( 1 .  5. 10'lfi A) 

.From 25 AuguSL tb 5 September 1976: 1.02, 10'" Coulomb per day 

-For periods with weak charging current: 

- -_ 

(1.2. l~" '  A). 

---- . From 23i-d to 28th or J w e  1976: current lower than 5. 

. From 6th to 15th of September 1976: 1.2. 

Coulomb per day 
(5.8. A )  

Coulomb per day 
(1.4.  A). 

5. I (filvrptvtcltiufi of Ihv 1 uriutionh O h r \ t a d  on thr i:hirrpliig (;urfc.nt 

W e  can see that the periods during which the charging current is strongly 
attenuated a r e  centered on the dates when the apogee latitude i North and at its 
makimum value, that is 30'. a value corresponding to the orbit inclihation. This 
important Variation of the charging current may be explained by the following fact: 

(1) the proton atid electrod fluxes decreasing rapidly with altltudc, the charg- 
ing ruraent reaches a significarlf value only when :he satellite is around its apogee; 
and 

acterized, at  the altitudes where flies the satellite, by :norp intense particle Cluixcs 
centered over a point situated at about 25' latitude south and 40° longitude west  

(Figti-e 41, the chargihg current takes B high value each time the scitellite flight 
c rosses  this zbiie. 

Thus we can see that when the epogee latitude is around :io" south thc satellite 
crosses thtri zone every day, while when the apogee i s  about 30" north this zone i s  

avoided by the satelltte. 

(2)  due to the fact that the magnetic anomaly o f  South Atlantic which is char-  
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Figure 4. Proton bYux Contours -E > 100 hleV 

'1 his effect, which is  a combination of the orbital movement with a geographic 
itictrwiIy, .-, all the more marked a s  the orbit inclination is close to 25", HMch is  
itw c-aie o f  the ('astor satellite. 

pr-viou+ly r:irried out on the determination of the charging current have been 
* tbpc:ited in order  to evaluate the daily charge acquired bg the pruuf Inass during 
I oriiplete-cycle c.f <'38 days. 

\\itti ZI view t o  provide a quantitative support to this intCrpretatibn, Jtudie3 

+ncv l( l ' i2 ,  when the f irs t  calculations of the charging current have been mudc, 

1111 ,  r?c.7c,t*iption of the radiation belt has been refined and the extrapolation tJf Itit, 

\ ,tluc- i of electron lluaei at energies higher than 4 MeV (setn 3rctir)n 1. 2) appeareij 
1. trpvinp no meaning. This .;:ateme2t coilfirms that only the prolcinz in period of 

r i s b r  ' 1 1  1 1  activity are at the origin of the charging current. 
'1'110 inpthods a -e usually used for evaluating a flux received by  R ,atellite 

hivinC i t i  weful life. 12@ lY If the mission duration i.j long enbugti, the cupcri- 
tvsvitvr inav tie interested only in the mean flux and ,he ratculation consjlc1t, in 
tlc.tet niininp the prohability for the satellite to pass within each volume c.leriient, 
t , i ! w l t l t p ~ i  i i i  cmc.rgy. Indeed, n 

 tellit^ it^ in l r ~  orbit, as D5R, is subjected to an inten3e particle borii\iardiiient 
1 ~ v 1 ~  #luring rather short periods which correspond to :he pasyap? tht*c,ugh tht. Stit !I1 

\ t l . i n t i v  :In( * inly. 

llere the  calculation requirci  more precision. 

I o c.olrwlntc thr proof mas+ charging current, W F  mus t  be aide in w c t t  pib:rif 

' ! . I >  I I I  I i i t  t o  v~liii i i itc-. the flux of incident proton+. Arrount tieing t n k t - n  o f  ?tic. 

t t  ? ) t  r 3 F  t ~ ? l ~ i t n l  pnrnmetpw, asccndir- ?ode and perigee arguument, o calculatuin i b f  

I I W  V I I ~ ! ~ ~ P I -  , ) f  protons received c.very 24 h r  yec11i*j sufficient irnd :-ciliain- 5ipiiP- 

. l v t  TII  t t i i .  vnd, each orbit is  desc~- lh~~.d  .step by Jtep and *'very niinutr. tht. 
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A Apogee l a t i t u d e  

Figure 5. Isotropic Proton I-lux Iknsity licct3ivcd by 
the Castor  Satellite and Apogee 1,afitudc at the Same 
Per iodj 

.;.:I \bwriitioti d I'roloh? II! ibi. $ilrllitc* x r w i u r t .  

The satellite shape is a regular polyhedron nith 2 f i  Fares whosc gtymetric- 
center is at the center of maJs ak3 also at the center o f  t h c  proof m a ~ s .  A 3imptc 
niodel of proton absorption hv t'le satellite structure has thus  becm established by 

decomposing it into 2ii equal dolid angles. l o r  each o f  thest:, the nature and t lw  
thickness of the vaPious materials encountered by a particle moving on ;I straight 
line and reaching the center have bcen surveyed. 
as a weighting parameter, these v3riou.r thicknesse.; h a w  then bivlr. c.otivc~rtc~d i t 1  

cquivalent thicknesses of aluniinum. 
nim (ln a 3olic'i angle o f  4 a l l : O  to 4 2  mm (in a d i d  angle o f  4t!2f;). 

t'sing thp density (JI' c 3 : ~ I i  i t i : i tc~r i : I l  

These equivalent thicknesse., vavy frmi 270  
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x u fc-7 . 
With x in mm and E in Me\: we obtain thc follov.ing empiriral - :a lu~>:  

Expression ( 6 )  thus permits for each solid angle o f  [he satellite the dr-tclrntina- 
u 0.01 and 1 1.73. 

tion of energy band of the protons which u i l l  participatP in tlie prYJ(lf i n a s i  charge. 
For the satellite as a whole, thcre are the protons whose cnc'rp is betwcrn 100 
and 500 MeV which a r e  tb !J(! considered. 
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where li is the mcnn radius o f  thc ..icrc.cn o f  thickness xi. Ar1111ng the>e, ;+ certain 
quantity 'wi i ics out o f  thra proof tilass: 

I 

Tn this cxprwsion, r is the proof mass  radius - in platinunl - and sr i t s  

A number of protons stopped daily by the proof nla*s and penetrating Into the 
equivo lent aluni inu ni t 11 ic kncj  s . 
solid angle !!i is  thw:  

or, after calculation: 
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Figure 8 .  Method for Calculating the Proof 
Mass Charge 

The application of Eq. (10) to each of the solid ang1r.s defined in Section 5 . 3  
and for each day during which the radiation doses received by the .intdlite ai*< 
characterized by the parameters k end 0, permits, after summation, t h v  calculo- 
tion O F  the electric charge acquired dally %y t h c  proof mass. 

acquired as a Function of time. ?'he absvidra corresponds to t h e  30 days o f  !he 
month of June 1976 for which thc calculation hnr been performed. Thtb dote3 
where the  apugcae latltude i s  at 30" north a n i  30" south hive also been zhown. This 
makev it possible to gencralim the result obtained at any date of the satellite lift. 
in a s  much a~ the orbit decay is not too important. 

These results a te  nrcscnted on l.'igure 9, which rvprcsents the doily charge 
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Figure 8. Calculated and nlcasured Values of the Charge 
Asquired Daily by the Proof Rla~s: 

This result obtained imphasizes well the very important variation o f  the (.harg- 
ing current due to the primary effect of protons, a variation that appears as a de- 
crease by :I factor I00 when the apogee latitudc is at 30' north. 

The valued of the charging currents determined frcwl the data provided by the 
accelerometer are also shown on Figure 9 as horinmtal lines. lhese  lines give 
the niean value of this current over a period corrc~ponding to the line length. l h e  
results corresponding to July 1975, November 1975, and September 1871; ore  
piaced with the s ame  jca le  but are  shifted relative to the apogee latitude. 

defined by the calculated current. 

measure< and calculated currents. 
curve which is traccd hy douhlinr! thc value3 OF the rnlculatcd currents. Thi4 
cocfficfent 2 is not w r y  high and t i i q ~  bc attrihutr-d to thc niodcl o f  protcm 
absorption, 

jcrt o f  ;t drag-frer s:rtetlitr* - or an nr rc l rw~n l r t r i r~  ~u t r~ l l i t r .  - to dr.tcrnline !titi\ 
n sufficient precision the v a r h s  values that w i l l  takr  the prfmf ~ I ; L . J  charKing 
current RS 3 funrtivn of clrbttnl situations. 

We can see that the currents, measured by this uay, follow correctly the 1~ 

On a quantitative point of view, there appears a ratio o f  about 2 between the 
This ratio ir enipha..:i7ed hy the brokpn line 

Thus the  results obtained confirm that i t  i . j  txl.;aible, \r hile desifIninC: thc. pro-  
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I T 7 

Thin cmluntron ~ h o u l d  pcrmlt a botter doflnitlon Of tho mcnni  l r c  iniplciiir.nt 
find the priicaduro tu w e  to mnlntatrr the proof t i m i 3  clcctrlflcntltm lo n t o l t * i * i i t ~ l v  

lovol. 
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