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92320 Chatillon, France

*Centre d'Etudes et de Recherches de Touleuse

Abstract

The exploitation of the data provided by the Cactus acceleroineter, developed
at ONERA, which makes up the payload of the D5B Castor Satell'te of CNES (the
French Space Agency) confirmed the existence of an electric current charging the
proof mass ander the influence of the magnetospheric protons, and revealed a
periodic variation of this current, due to the passage of the apogee through the
South Atlantic magnetic anomaly.

The paper 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 oh proton 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 or accelerometric satellites,

' 1. INTRODUCTION

A "drag-free" satellite? is essentially made of a proof mass protected from
the surface forces acting on it and which are due to the slowing down created by
the residual atmosphere as well as the various radiation pressures, The piloting
system of the satellite controls the thrusters in such a way that the cage containing
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the proof mass never comes into contact with it, The satellite trajectory is then
in principle purely gravitational, In practice, the compenzation by the thrusters
of the surface forces is not perfeet, the restdue of compensation being aue to
internal perturbating foreces acting on the proof muss and thua modifying the
reference trajectory.

The structure of an accelerometric Hutclllmz {s similar, but the scevo-control
function takes place by the action of a force on the proof mass so that the latter is
maintained in the vicinity of the cage center. The measurement of the internal
forces developed by the servo-control then constitutes a measurce of the sum of the
surface forces acting on the satellite. The internal perturbating forces are also
at the origin of the physical limitations pertaining to this type of instrument,

Electrification of the proof mass by proton and electron fluxes from the radia-
tion belts makes up one of the main perturbations, all the more s0 as this electrifi-
cation may increase with time and reach high levels,

So, during the definition of 2 drag-free or accelerometric satellite, it is
important to be able to determine a priori the value that will take the cusrent
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.

2, PRINCIPLE OF THE DRAG-FREE \\D ACCELEROMETRIC SATELLITES
Let us consider (Figure 1) a materiai sphere of mass m placed inside a cage
fixed within a satellite. The mass of this satellite — including that of the proof
mass — is M. The position of the proot mass center OB is defined by the vector
£ in a reference frame OSXYZ linked io the satellite and such that Og be at the
center of mass of the satellite.
Let it be:

FL the resultant of the internal forces of attraction of the nroof mass by the
satellite,

—

the resultant of the surface forces acting on the satellit. (atmospheric
drag, radiation pressure),

Fi

FP the thrust due to the thrusters, and

6]3 and 65, the local gravitational acceleration in Op and Oge
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Figure 1. Drag-Free or Accelero-
metric Satellite Definitions

If F’B

solate frame of reference, the movements of the proof mass (m) and the satellite
alone (M - m) are given by the equation of dynamics:

and ;',; represent réspectively the coordinates of ()B and O‘S in an ab-

2 - -
d"rg - T
dt2 ’ GB T (n
Pt F, F,. + F,
S . §..—L_, E P (2)
2 S M-m M-m y

dt

2.1 Drag-Free Satellite

If we suppress any link between proof mass and cage (FL = 0), the trajecto:ry
of the proof mass is purely gravitational,

By piloting the satellite in such a way that, under the action of the thrusters,
the amplitude of E' remains at any moment lower than a value & M previously
chosen, we have a satellite whose trajectory can also be characterized as purely
gravitational, as it only differs from that of the proof mass by a distance almost
equal to E‘M' a distance always imall as compared to the satellite dimensions,

But if a perturbaiting force [ remains between the two bodies, the true trajec-
tory of the satellite departs from a purely gravitational trajectory and the metric
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titvcpence appenying after a timie { between these two trajectories becomes cquisl
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2 Necelerametrie satellite

et o <atellite is devoid of any propulsion means (F) 0), but a servo-control
1 ouoLiten anets on the proof mass to maintain the points ()n and “.\' in a single
joaition (within the erro. of the servo-control), In general, considering the small-
ne-< of the forees, no material contact should exist between proof mass and cage

-
vt the Hatson foree Foois — for example — of electrostatic nature.

b e conditions ETow LT a a
In these conditions IB ry 0 and (B C 50
Lelation=s (1) and (2) then give:
" .
l. I
Sl (4)

The aceeleration imposed on the satellite by the external forces — apart from
ity = i equal to the force of proof mass-cage liaison divided by the mass of the
roof mns 2, Thus, the measurement of this liaison force FI makes it possible to

e the resultant of éxteérnal forces i’

—
Fy
-crve —control, the measure of the acceleration due to the external forces is then

1" an internal perturbating force T is added to the force devcloped by the

-
oode mdse by o svstematic error equal to fm,

PERIERBVHION D0 E M THE ELECTREFICATION OF THE PRODE MAS-

M taoth svstems that have been just described, the perturbation (of the trajec-
terv o ar of the forc e measurement) is directly given by the acceleration ‘t‘t/m that
‘he perturbating force would communicate to this proof mass alone,

the<e perturbating l"orces are of various natures and have already been the

cbect Gf detailed studi053 as well 25 of measurements in flight. ™’ 5 6

Among them

*vo opree provided by the defect of electric neutrality of the proof mass constitutes
< e turbation that may become very important. In this rase, the proor =ass is
rtircted to an attracting force by the cage walls on which are induced electric

clinrees whose sum is equal and of contrary sign to the charge carried by the proof
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mass. Due to the spherical symmetry of the cage, this attraction i= a central
force avound a point 01 (Figure 1), geometric center of the eage ::hich we try to
make as near as possible of center Oy, This perturbating foree fl, can be ex-
pressed by:s' 6

—

P mAQAE - D ()

where & - (’)—S:)l and 8 is a coefficient defined by the geometry of the instrument,

This force is thus proportional to the square of the electric charge carried by
the proof mass.

This may have two very differefit origins.

(1) Eléétrification of intetnal origin which appears when the proof mass leaves
its contact with the vage, a contact obtained either in the presence of gravity (on
the ground) or under the action of a force obtained by remote control (in orbit),
This electrification is due to the charges developed either by instantaneous poten-
tials of the various electrodes of the cage or by the differences of the work func-
tions of the materizls making up the proof mass and the cage walls.

(2) Electrificatic:i of external origin due to the accumulation of charges pene-
trating into the satellite, originated by the high energy particles of the radiation
belts.

The first kifid of electrification may be niinimized by appropriate technoiogical
means. The second appears as a current charging the proof mass whose order of
magnitude is hardly predictable without a detailed study. Indeed, it is very diffi-
cult to know igriori if the proof mass charge will reach a prohibitive value within
a few days or few Years,

Though it is necessary, during the project of a drag-free satellite or an
accelerometric satellite, to foresec the adequate means for discharging the proof
mass, it is highly desirable that their optimization might take inte account the
maximum and minimum values of the electric current that will charge the proof

mass tn orbit,

1OTHE CACTUS DA EXPERIMENT

The Cactus accelerometer (in ¥rench: Capteur accelerométrique capacitif
triaxial ultra sensible) has been designed and built by ONERA, and made up the
payload of the French satellite Castor (D5B) placed in orbit on 17 May 1995, This
satellite has been built and launched by CNES (The French Space Agency) who
ensured the further expleitation of the instrumentation.
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1 lLeseripiion of the Expierimint

The Cactus acceletometer has a measuring range of 1:10'5 g on cach oi its
three axes. The sum of inteinal perturbations has been evaluated before lavnch-
ing at 10-9 g. These values, as well as all the other characteristics, have heen
confirmed by the results obtained in orbit, 51

The core of the accelerometer is made by a proof mass 1w rhodiated platinum -~
whose mass is 550 g = placed in a cage forming with it a gap of 85 umn (Figure 2),
The force linking proof mass in cage is of electrostatic nature and iz obtained by
means of continuous voltages applied on three sy=tems of electrodes distributed
over three orthogonal axis. These voltages are made proportional to the relative
displacement of the proof mass in the cage thanks to another set of electordes
realizing, on each axis, a capacitive moeasurement of position. The systen func-
tions by position servo-coritrol of the proof mass and the meéasure of the voltages
applied on the acting electrodes on cach axis makes it possible, after preliminary
calibration, to know the liaison force Fl and thus to detéermine the sum of the

— “

external forces Fg (Eq. (4)).

F.mure 2. Cage, Proof Mass and Electrodes of
the Cactus Accelerometer

The D5B/Cactus experiment aimed at:

(1) ensuring qualification in orbital flight of the accelerometer, 7 and

\2) providing scientific data on aeronomy,. 8

The crhit chosen was slightly excentric, with an inclinatior of 50°, The alti-
tudes of apogee and perigee of the first orbit were respectively 1275 km and 277 km,
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1.3 Fiest Calealations of the Proof Mass Charging Carrent

At the same time as the studies for defining this experimént, theoretical and
experimerntal studiesg' 10,11 were performed with a view to attempt to determine
the mean value of the proof mass charging current,

These works showed that:

(1) the evolution of the proof mdss charge is essentially due to the bombard-
ment of the satellite by the magnetosphere electrons and protons; and

(2) the interactions of these two typés of particles with the satellite structure
have widely different characteristics.

4,2,1 ELECTRONS

While crossing the materials of the satellite and the accelerometer cage, the
primary electrons give rise to secondary electrons and to photons, part of which
reach the proof mass and interact with it. The results are that electrons and
photons circulate in both directions between proof mass and cage. The opposite
fluxes of electrons are not equal, hencé the existence .f a charging curreht whose
value and sigh can be determined only by a detailed study.

4,.2.2 PROTONS

Contrary to electrons, the ptotons crossing the matter do not generate second -
ary effects of any importance, and propagate practically in straight lines, The
protons stopped within the proof mass are at the origin of a charge increase,

The work cafried out at ONERA showed that:

(1) the charging current is essentially due to the primary effect of the protons
stopped by the proof mass; the presumed mean value of this current has been eval-
uated at +(2 £ 1) 1071

(2) only the electrons whose energy is about 4 MeV can give a perceptable

Coulomb per day; and

charging current; by extrapolation above 4 MeV of the known values of the flux,
the presumed electronic charging current has been evaluated at -1.7 10”l2 Coulomb
per day, as a mean value,

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

11 coutomb per day, or 2.3, 10716 ampere.

thus near +2,10°
The methods used to calculate this cvrrent, 1s well as the assumption adopted,

are described in Section 5.

.3 Determination in Urbital Flight of the Prodf Mass Churging Cuerent

The acceleration measured by the accelerometer when the satellite is near its
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 error
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of this measurement comies from the earth radiation pressure, which provides the
satellite with an acceleration of the order of 4, 1()"10 g.

The existence of a proof mass charging current {s well revecled by an increase
with time of this acteleration and by the returns of the Iatter to its bottom level
during each contact betweeri proof mass arid cage, obtained by remote cofitrol,

But, moreover, systematic readings of these data have also revealed time périods
of about.10 days, renewed cvery 38 days, and during which the charging carrent
becomes weaker.

As an illustration, Figure 3 represents the values of the modu'us of thé acceil-
eration measured by theé accelerometer when the satellite is at a high altitude
between the 10th of May and the 20th of August 1976. We can seé on this figure the
periods when this current weakens: they are thé periods from 18th to 315t of May,
from 25th of Junée to 8th of July and from 28th of July to 10th of August. Outside
these, the charging turrent takes again a higher value characterized by the increase
of the measured accéleration.

Measured s
acceleration(10 )

10

—_———

_. Electric contact betwéén

|
!
l r proof mass and cage,
8; | obtained by remote control
| |
GT |
| X .
i | l
4 | l
| |
P ‘ ;
2 | I
v | .
. e N i > .
om 2 30 ] 20 30 10 20 30 10 20

May 7§ 1 June 76 | July 76 | August 76

Figure 3. Acceleration Measured by Cactus at High Altitude

Vartous methods have been used to determine the chdrging current from the
data transmitted by the satellite.ﬁ' 8 These methods consist in identilying the
various internal pertiirbations and thé accelerations due to the external forces
from a realistic modeling of these accelerations and by using the attitude data of
the sateilite. When the electric charge level becomes high enough, we consider
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that the perturbation due to the charge constitutés the main term of the acceleration
medsured when the satellite is at a high altitude, Using Eq. (5) on the smoothed
data then permits a simple but sufficiently precise calculation of ¢ and its time
variation. For the application of Eq, (5), the knowledge of the values of ji and 3
is neécessary, Coefficient 3 had been determitied on the ground before launch and
has a value of 6.9, 10 7A-2s'4. Theé components of the 3 vector have been meas -
ured in flight by a particular manoeuvre”; its modulus has the value 2, 16 ym,

These various methods gave coherent results which arc as follows; expressed
ds a mean value of the charging current during the considered period of time:

~For periods with strong charging current:

- From 28th of June to 8th of July 1975: 2.1, 10! Coulomb per day (2. 4. 107164)

. From 3rd to 6th of November 1975: 1,3_10"!! Coulomb per day (1. 5. 10°16 A)

- From 10th to 20th of June 197¢ 1.3.10"}! Coulomb per day (1. 5. 10716 4

-From 25 August to 5 September 1976: 1,02, 10! Coulomb per day

(1.2.10718 4),

-For peériods with weak charging current:
. From 23rd to 28th of June 1976: current lower than 5, 10'13 Coulomb per day
(5.8.10718 p)

- From 6th to 15th of September 1976: 1.2.1071% Coulomb per day
(1.4.10°17 2y,

3. DETAILED CALCHLATION OF THE PROUE MAss CHARGING CE RRENT

3.1 lnterptetation of the Variations Obsered on the Churgitig Carent

We can see that the periods during which the charging current is strongly
attenuated are centered on the dates when the apogee latitudé s North and at its
maximum value, that is 30°, a value corresponding to the orbit inclination. This
important variation of the charging current may be explained by the following fact:

(1) the proton and electron fluxes decreasing rapidly with altitude, the charg-
ing rurrent reaches a significant value only when the satellite is around its apogee;
and

(2) due to the fact that the magnetic anomaly of South Atlantic which is char-
acterized, at the altitudes where flies the satellite, by more intense paricle thixes
centered over a point situated at about 25° latitude south and 40° longitude west
(Figiire 4), the charging current takes a high valué each time the satellite flight
crosses this zvae.

Thus we can see that when the apogee latitude is around 30° south the satellite
crosses this zone every day, while when the apogee is about 30° north this zone is
avoided by the satellite,
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Figure 4, Proton Flux Contours -E > 100 MeV

‘This effect, which is a combination of the orbital movement with a gcographu

anomaly, ‘s all the more marked as the orbit inclination is close to 25 , which is

the case of the Castor satellite,

With a view to provide a quantitative support t
previously carried out on the determination of the charging current have been
ropeated in order to evaluate the daily charge acquire ed by the proof mass during

o this inttrpretation, studies

4 complete-cvele of 38 days.

' Calentiation of the Fluses Received by the satellite

Since 1972, when the first calculations of the charging current have been made,
radiation belt has been refined and the extrapolation of the

the description of the
2) appeared

; of electron fluxes at energies higher than 4 MeV (see section 4.,
s that only the protons in period of

e e~

values
~: having no meaning, This statement confirm
normal activity are at the origin of the charging current.
Two methods a-e usually used for evaluating a flux received by a satellite

Auring its useful life. 12,13 If the mission duration is long enough, the experi-

ynenter may be interested only in the mean flux and he calculation consists in
obability for the satellite to pass within each volume element,
Indeed, a

determining the pr
tabulated i energy. Here the calculation réquires more precision.
.atellite in low orbit, as D5B, is subjected to an intense particle bombardment

onty during rather short periods which corréspond to the passage through the South

Atiantic ancraaly,

1o caleulate the proof mass charging current, we must be able in ¢
L f rhe orbit to estimate the flus of incident protons, Account being taken of the {
It of orbital parameters, ascendin~ sode and perigee argument, a calculation of :
eceived every 24 hr seems sufficient and remains signif-

ach point !
‘

the number of protons re

et To this end, each orbit is deser fbed step by step and every minute the &
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geographie coordinates (altitude, latitede, longitude) are transformed inta geo-
magnetic coordinates (B2, 1) that permit the conzulfation of the files of protons
whaose energies are higher 100 MeV (see Section 6, 3),

Figure § gives as a function of time, from drd of June to 3rd of July, the
omnidirectional mean fluxes of protuns of un cnergy higher than 100 MeV, per
square centimeter and per day, as well as the apogece latitude, The first curve
illustrates well the forth~south asymmetry of the radiation belt due to the South
Atlantic anomaly at the altitude considered, The periodicity of this phenomenon
makes it possible to extrapolate this flux curve before 3rd of June and after 3rd
of July, as représénted by a broken line on the figure,

Protons (E 100 Mevifem? day
10’T

s /" Te-
S /
/
w08\ /
' o
H \JI
105:.‘,. . -, POy . . . . P
10 20 37 4] 20 30 0 20 37
May | June | July 1976
Apogee latitude
+30°
Noréh;
o e - [
South ! /
-30%4

Figure 5. Isotropic Proton ¥lux Density Received by
the Castor Satellite and Apogee Latitude at the Same
Periods

3.3 Absorption of Protons by the Satellite Mructure

The satellite shape is a regular polyhedron with 26 faces whose gevmetric
center is at the center of mass and also at the center of the proof mass. A simple
model of proton absorption by t'ie satellite structure has thus been established by
decomposing it into 26 equal solid angles, For each of these, the nature and the
thickness of the various materials encountered by a particle moving on a straight
line and reaching the center have been surveyed, Using the density of each material
as a weiphting parameter, these various thicknesses have then béen converted in
equivalent thicknesses of aluminur, These equivalent thicknesses vary from 270
mm (in a solid angle of 47/13) to 42 mm (in a solid angle of 4=/26),
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Moreover, the accelerometer proof mass being in platinum and having o diam-
cter of 38 mm, the cquivalent aluminum thickness corresponding to o dinmetral
crossing of the proof mass is 316 mm,

Consequently, the prouf mass charge will be due to protons whose energy is
high enough to cross 42 mm of aluminum but whose energy remains lower than
that necessary to cros: 686 mm of the same metal,

Iigure 6, taken from, 1 makes it possible to give u simple analytie formula-
tion of the path x of protons of energy E in aluminum:

x o« ET7 ()

With x in mm and E in MeV, we obtain the following empirical values:
a 0.0landy 1.73,

Expression (6) thus permits for each solid angle of the satellite the determina-
tion of energy band of the protons which will participate in the proof mass charge,
For the satellite as a whole, there are the protons whose energy is between 100
ahd 500 MeV which are to be considered,

Id(mm)
10"
10%
10 + ;

//

1 4+ /

__;44,;,4 ‘qu[.gy_E,(MeV)

1 10 102 10°

Figure 6. Proton Path in Aluminum

5.4 Caleulation of the Daify Charging of thie Prool Mass

The argument is that used by J. Tiffon, 1 recalled hereafter,
The flux density of protons of an energy higher than E, o(:>F), is represented
by the following analytic expression:

6(-1) kE™" . N

18+

g

™~ 0 7




Parameters k und n are deterniined cmpirically from the steaight hine which
makes up a pgood approximation of the law representing the variation of the ogi-
rithm of the integrated flux as - function of the logarithin of enorpy,

As an illudtration, Pigure 7 represents the values of the integrated flux of
protohs reccived by the satellite during the day of 8th of June 1976, a- well as the
straight line giving 1ts approximate expression,

Inside a solid angle £y (Figure 8) corresponding to the previously defined
dividing and for which the aluminum thickness to be erossed is X0 the number of
protons issued from a solid angle du and reaching the proof mass within o day is
defined from Lq. (6) und (7) by:

x, /Y
a;, k(a—' Re, cos A g% (8)

where R is the mean radius of the sereen of thickness X Among these
quantity dNi., comes out of the proof mass:

, 4 certain

1/2 “n /"

X, X <&
: I I e 0 RS .2 o o du
dNi2 Kk el (1 - -—"2 sin 9) R(.Bi cos A 7= . ()

n this expression, r is the proof mass radius — in platinum - and X its
equivalent aluminum thickness.

A number of protons stopped daily by the proof mass and penetrating into the
solid angle £ is thus:

9()

0
hi f (dNil - da'iL)
89

or, after calculation:

> I’ 2.1 2.0
, r"s:ika"h “n/v 1 X; (x; + 2x )
. x. 4
R L l(‘z-n)(l-u) 2.1
A
x(x, ¢ 2x)
-2 r . (10
1 -1
Y
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Figure 7. Proton IFlux Received on
June 8, 1076

Figure 8, Method for Cdlculating the Froof
Mass Charge

The application of Eq. (10) to each of the solid angles defined in Section 5.3
and for each day during which the radiation doses received by the satellite arc

characterized by the paramecters k and n, permits, after summation, the calcula- )
tion of the electric charge acquired daily Wy the proof mass. '
These results are nrescnted on Figure 9, which represents the daily churge 1
= acquired as a function of time, The abscissa corresponds to the 30 days of the
month of June 1976 for which the calculation has been performed, The dates
where the apogee latitude is at 30” nurth and 30° south have also been shown, This 1
makes it possible to generalize the result obtained at any dadte of the satellite life 1
in as much as the orbit decay is not too important, 1:
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Figure 9, Calculated and Mcasured Values of the Charge
Acquired Daily by the Proof Mass

This result obtained *mphasizes well the very important variation of the charg-
ing current due to the primary effect of protons, a variation that appears as a de-
crease by a factor 100 when the apogee latitude is at 30° north,

0. CONCLA STON

The values of the charging currents determined fror the data provided by the
accelerometer are also shown on Figure 9 as horizontal lines, These lines give
the niean value of this current vvetr a period corresponding to the line length, The
results corresponding to July 1975, November 1975, and September 1976 are
placed with the same scale but are shifted relative to the apogee latitude,

We can see that the currents, measured by this way, follow correctly the low
defined by the caiculated current,

On a quantitative point of view, there appears a ratio of about 2 between the
measured and caleulgted currents, This ratio is emphasized by the broken line
curve which is traced by doubling the values of the calculated currents, Thig
cocfficient 2 is not very high and may be attributed to the model of proton
absorption,

Thus the results obtained confirm that it is possible, while designing the pro-
ject of a drag-free satellite — or an accelerometric satellite — to determine with
a sufficient precision the varfous values that will take the proof mass charging
current as a function of orbital situations,
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This cvaluation should permit a better definition of the means to implement

and the procedure to use to maintain the proof mass eleetrifiention to n tolerable
level,

3.

10,

11,
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