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Abstract

The exploitetion of the data provided by the Cactus accelerometer, developed
at ONERA, which makes up the payload of the D5B Castor Satellte of CNES (the
French Space Agency) confirmed the existence of an electric current charging the
proof mass under the influence of the magnetospheric protons, and revealed a
periodic variation of this current, due to the passage of the apogee through the

South Atlantlc magnetic anomaly.

The paper presents the results of in-orbit measurements of this charging cur-
rent, and those of Calculations tnade 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 5 valid and precise enough

to be used for drag-free or accelerometric satellites.

L. INTRODUCTION
A "drag-free' satellitel 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 radiatioh pressurea. The plloting
system of the satellite controls the thrusters in such a way that the rage containing
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the proof mass never comes Into contact with it, The satellite trajeciory is then
In principle purely gravitational, In praectice, the compenization by the thiusters
of the surface forces is not perfeet, Chc restdue of compensation being aue tu
internal perturbating forces acting on the proof muss and thus modifying the
reference trajectory, )

The structure of an accelerometric satellite™ is atmilar, but the secvo-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 cageé center, The measurement of the internal
forces developed by the servo-control then constitutes a measure 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,

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

So, during the definition of a 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. PRINGIPLE OF THE DRAG-FREE AND ACCELEROMETRIC SATELLITES

Let 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
mass ~ is M. The position of the proof mass center Og is defined by the vector
€ in areference frame OgX¥Z 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 proof mass by the
satellite,

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

E«“P the thrust due to the thrusters, and

E;'B and 89 the local gravitational acceleration in Op and Oy
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Figure 1. Drag-Free or Accelero-
metric Satellite Definitions

If F’B and ry represent respectively the coordinates of Op and OS in an ab-

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

9 -
d"rg . Fp
dt> ’ GB T (1
25 F, F,. + F,

5. G- gl + B P @
dt2 S M-m M-m *

2.1 Drag-iree Satellite

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

By plloting the satellite in such a way that, under the action of the thrusters,
the amplitude of € remains at any moment lower than a value 3! 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 Evp @ distance always imall as compared tu the satellite dimensions.

But if a perturbating force f remains between the two bodtes, the true trajec-
tory of the satellite departs from a purely gravitational trajectory and the metric
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liiterenee appenring after a time t between these two trajectories becomes cqual
faas

=4

f SR TR IY . 3)
! "
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2 Necelerametrie satellite

et o <atellite is devoid of anv propulsion means (F) 0), but u servo-control
oo Liten nets on the proof mass to maintain the points ()n and “.\' in a single
jeoaition (within the erro. of the servo-control), In general, considering the small-
e < of the forees, no material contact should exist between proof mass and cage

-
cvt the Hatson foree o is — for example — of electrostatic nature.

b e conditions ETom T o a
In these conditions IB ry 0 and (B C 5
Lelation= (1) and (2) then give:
" o

l. I
i “@

The neeeleration imposed on the satellite by the external forces —apart from
~acitn =i equal to the force of proof mass-cage liaison divided by tht mass of the
rvaoi mnss,  Thus, tlie measurement of this liaison force F makes it possible to
.o the resultant of external forces _EE .
I* an internal perturbating force f is added to the force F, devcloped by the
-y -eontrol, the measure of the acceleration due to the external forces is then
+ode mdae by iy svstematic error equal to ‘f.,m.

PERURBANTON D E TG THE ELECTRIFICATION OF 15E PRODE MAS~

m toth svstems thnt have been just described, the perturbation (of the trajec-
tory o of the fore € measurement) is directly given by the acceleration T/m that
‘he perturbating forre would communicate to this proof mass alone.
‘thewo nerturbating forces are of various natures and have already been the
t «f detailed studies’ as well as of measurements in flight. 4, 5,6 Among them
“ree provided by the defect of electric neutrality of the proof ma-s constitutes
~+ vturbation that nioy become very important, In this rase, the proor mass is
i jreted ta nn attractihg force by the cage walls on which are induced electric
s harges whose sum is equal and of contrary sign to the charge carried by the proof



mass, Due to the spherteal symmetry of the vage, this attraction i= a central
force around a point ()l (Figure 1), geometrie center of the ecage ::hich we try to
make as near as possible of center Oy This perturbating foree fl'l can be ex-
pressed by:g' 6

-

s mAQAE - D ()

where Y ()—S(.)1 arid 3 s a coefficient defined by the geometry of the instrument,

This force is thus proportional to tlic square of tlic ciectrie charge carried by
the proof mass,

This may have two very different origins.

(1) Electrification of intérnal origin which appears when the proof mass leaves
its contact with the cage, a contact obtained cither in the presence of gravity (on
the ground) or under the action of a force obtained by remote contro? (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 materials making up the proof mass and the cage walls,

(2) Electrificaticn 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 kihd of electrification niay be niinimized by appropriate technoiogical
meons, The second appears as a current charging the proof muass whose order of
magnitude & hardly predictable without a detailed study. Indeed, it is very diffi-
cult to know a priori if the provf mass charge will reach a prohibitive value within
u few days or few years,

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

LOTHE CACTUS D3 ENPERIMEN

The Cactus accelerometer (in ¥rench: Capteur acceléerométrique capacitif
triaxial ultra sensible) has been designed and built by ONKRA, and made up the
payload of the French satellite Castur (D5B)Y placed in orbit on 17 May 1975, This
satellite has been built and launched by CNES (The French sSpace Agency) who
ensured tke further expleitation of the instrunientation,



| Do seripiion of the Experimient

The Cactus accelerometer has a measuring range of £10”" g on each oi its
three axes. The sum of inteiaal perturbations has been evaluated before lavnch-
ing at 10°Y g. These values, as well as all the other characteristics, have been
confirmed by the results obtained in orbit. 5,7

The core of the accelerometer is made by a proof mass wn rhodiated platinum =
whose mass IS 550 g —placed N a cage forming with it a gap Of 3 umn (Figure 2),
The force linking proof mass in cage is of electrostatic nature and i- 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 electordesg
realizing, on each axis, a capacitive mcasurement Of position. The system func-
tions by position servo=coritrol of the proof mass and the measure of the voltages
applied on the acting electrodes on each axis makes it possible, after preliminary
calibration, to know the liaison force FL and thus to determine the sum of the

—

external forces Fg (Eq, (4)).

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

The D5B/Cactus experiment aimend at:

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

\2) providing scientific data on aeronomy. 8

The crhit chosen was slightly excentrie, with an inclination of 50, The alti-
tudes of apogee and perigee of the first orbit were respectively 1275 km and 277 km,
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L3 First Calealations of the Proof Mass Charging Current

At the same time as tho studles for defining this experimént, theoretical and
expértmerntal studiesdr 10011 ope perforimed with a view to attempt to determine
the mean value of the proof mass charglng current.

These works showed that:

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

(2) the interactions of these two types 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 ride to secondary electrons and to photons, part of which
reach the proof mass and ihteract 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, hence the existence «f a charging curreht whose
value and sigh can be determined only by a detailed study.

4.2.2 PHOTONS

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 carried out at ONERA showed that:

(1) the charging curreht 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) 10711 Coulomb per day; and

(2) only the electrons whose energy 1s 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 10°12 Coulomb
per day, as a mean value,

At the end of this study, the expected mean value of the charging current was
thus near +2.10"*} Coulomb per day, or 2.3. 10716 ampere,

The methods used to calculate this cvrrent, as well as the assumption adopted,
are described in Section 5.

.3 Determination in Oebital Flight of the Proof Mass Churging Current

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, whtrh provides the
satellite with an acc¢eleration of the order of 4. 10-10 g.

The existence of a proof mass charging current {s well revecled by an inercase
wtth time of this acceleration and by the returns of the latter tb its bottom level
duting each contact between proof mads arid cage, Obtained by remote cofitrol,
nut, moreover, systematic readings of these data have also revéaled time périods
of about.10 days, renewed every 38 days, and during which the charging carrent
becomes weaker.

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

A Measured ..
acceleration(10 g)
10 I'
— Electric contact betwéen
F prdof mass and cage,
Bl | obtained by remote control
® |
i
¢ I
|
i | \
2 | I
W { .
- -t ~ & < + -
% H ™ 20 W 20 0 2
May /8 | June 76 | July 76 | August 76

Figure 3, Acceleration Measured by Cactus at High Altitude

Various methods have been used to determine the chargihg current from the
data transmitted by the satellite. 6.8 These methods constst in identifying the
various internal perturbations and the accelerations due to the external forces
from a realistic niodeltng of these accelerattons and by using the attitude date of
the seteilite, When the electric charge level becomes high enough, we consider
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that the perturbation due to the charge constitutes the main term of tho acceleration
measured when the satellite is at a high altitude, Using Eq, (5 0n the smoothed
data thent permits a simple but sufficiently precise calculation of ¢¢ and its time
variation. For the applcation of Ed, (5), the knowledge of the values of i# and 4
is nécessary, Coei‘fi’ci%enl-zﬂ _hnd been determined on the ground before launch and
has a value of 6.9, 10" A “s 7, Theé compohents of the 4 vector havc been meas -
ured in flight by a particular manocuvre”; its modulus has the value 2. 16 gm,

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

-For periods with strongcharging current:

.From 28th bf June to 8th of July 1975: 2. 1.10" 1! Coulomb per day (2.4. 107!%a)

.From 3rd to 6th of November 1975: 1.3.10"*! Coulomb per day (1. 5. 10718 A)

.From 10th to 20th of June 197¢ 1.3. 101! Coulomb per day (1. 5. 10716 A)

.From 25 August to 5 September 1976: 1,02, 10”1 Coulomb per day

(1.2. 10718 ).

-For periods with weak charging current:

.Erom 23rd to 28th or Jurte 1976: current lower than 5. 16”3 Coulomb per day
(5.8. 10718 p)

.From 6th to 15th of September 1976: 1.2. 10712 Coulomb per day
(1.4. 10717 ).

3. DETALED CALCEHLATION OF THE PRODE MASS CHARGING CERRENT

5.1 literpietation of the Variations Observed on the Chargiiig Curtent

We can see that the periods during which the charging current is strongly
attenuated are centered on the dates when the apogee latitude s North and at its
maximum 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 altitude, the charg-
ing rurrent reaches a significant value only when :he 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 particle thixes
centered over a point situated at about 25° latitude south and 40° longitude west
(Figti-e 4), the chargihg current takes a high value each time the satellite flight
crosses this zvae.

Thus we can see that when the epogee 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 satelltte.
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Figure 4. Proton ¥lux Contours -E > 100 MeV

"Lhis effect, which is a combination of the orbital movement with a geographic
inomaly, .. 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 to this interpretation, studies
previously carried out on the determination of the charging current have been
»epeated in order to evaluate the daily charge acquired by the proof mass during
v omplete.evele f 38 days.

7 Caleubiation of the Fluses Received by the Satellite

since 1972, when the first calculations of the charging current have been made,
the deseription of the radiation belt has been refined and the extrapolation of the
values of electron fluxes at energies higher than 4 MeV (see Section 4, 2) appeared
1v: baving no meaning, This statement confirms that only the protons in period of
noe ol 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. 1213 |f the mission duration is long enough, the experi-
menter may tie interested only in the mean flux and the caleulation constists in
determining the probability for the satellite to pass within each volume element,
tabulated m energy, Here the calculation réquires more precision. Indeed, a
sarellite 1n lew orbit, as D5B, is subjected to an intense particle bombardment
ont during rather short periods which correspond to the passage through the sath
Vtiantie ancaaly,

o caleulate the proof mass charging current, we must be able in cach point

*he orbit to estimate the flux of incident protons, Account tieing taken of the
trint of orhital parameters, ascendin~ node and perigee argument, a calculation of
the mumber of protons received every 24 hr seems sufficient imd cemains signif-
want  To this end, each orbit is described .step by step and every minute the
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geographie coordinates (altitude, latitvde, longitude) are transformed into geo-
magnetic coordinates (B, 1.) that permit the consulfation of the files of protons
whase energies are higher 100 MeV (see section 5, 3),

Figure 5 gives as a function of time, from 3rd of June to 3rd of July, the
omnidircctional mean fluxes of protuns of un energy higher thun 100 MeV, per
squarce centimeter and pet day, as well as the apogece latitude.  The first curve
illustrates well the north~south asvymmetry 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 afier 3
of July, as représénted by a broken line on the figure,

Protons (E 100 Mevifem? day
10’T

§ /

106+ N
: \

\ _/

% I B 0 3 9w o W
May | June ! July 1976

A Apogee latitude
+30°%
North.

0 ?—-- et =

South '
-30":

Figure 5. Isotropic Proton I-lux Density Received by
the Castor Satellite and Apogee T.atitude at the Same
Periods

3.3 Absorption of Protons by the Satellite Mructure

The satellite shape is a regular polyhedron with 26 Fares whose gevmetric
center is at the center of mass and also at the center of the proof mass. A simple
niodel of proton absorption hv t'ie satellite structure has thus been established by
decomposing it into 26 equal sotid 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 weighting parameter, these various thicknesses have then béen converted in
equivalent thicknesses of aluniinum. These equivalent thicknesses vary from 270
mm {in a solid angle of 42/13) to 42 mm (in a selid angle of 4=/26),
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Moreover, the accelerometer proof mass being in platinum and having o diion-
cter of 38 mm, the cquivalent aluminum thiekness corresponding to o dinmetrul
crossing of the proof mass is 316 mm,

Consequently, the proof 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 crosi H86 mm of the same metal,

Figure 6, taken from, 1 makes it possible to give o simple analytic formula-
tion of the path x of protons of enefgy E in aluminum:

x o« ETT O, ()

With x in mm and E in MeV, we obtain the following empirical values:
« 0.01and+y 1.73.

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

da(mm)
2
1
10%
[ 7/
1 4+ /
L/, [EnergrEfmey)
1 10 10°10°

I'igure 6, Proton Path in Aluminum

5.0 Calewlation of the Daify Charging of thie Prool Mass

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

6-E) kE™" . N
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Parameters k and n are determined cmpirically from the streaight hine which
makes up a good approximation of the law representing the variation of the lop-
rithm of the integrated flux as - function of the logarithin of energy,

As an illudtration, Pigure 7 represents the values of the integrated flux of
protofis received by the satellite during the day of 8th of June 1976, 4~ well as the
straight line giving its approximate expression,

Inside a solid angle Ly (Figure 8) corresponding to the previously defined
dividing and for which the aluminum thickness to be erossoed is X0 the number of
protons issued from a solid angle du and reaching the proof mass within dayvia
defined from Eq. (6) wnd (7) by;

x. /Y d
N 4 (8] 5 Ow H
d:\il k(n ‘ R..i cus A - |S)

where R is the mean radius of the ..icrc.cnof thickness . Among these, a certain

quantity dR., comes out of the proof mass:

1/2 “1] /‘7

- ¥, 2%, R 2 du
dNiz k e : - (1 -;‘?sm 9) R‘.}i cos HT; . (‘1)

n this expression, r is the proof mass radius = in platinum — and X its

equivolent aluminum thickness . _
A number of protons stopped daily by the proof mass and penetrating into the

solid angle Qy is thus:

9()

0
hi j (dNil - da'iz)
69

or, after calculation:

o I’ 2.1 2.0
r"s:ika"h “n/v 1 X (x; + 2% )
n, 3 =% - . el :
2x (2--)(1--) 2-1-7
1.1
) i
) X%, .,xr) 10
1 -1 ' ‘
Y
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Figure 7. Proton I'lux Received on
June 8, 1976

Figure 8, Method for Calculating the Proof
Mass Charge

The application of Eg. (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 parameters k end n, permits, after summation, the calcula-
tion of the electric charge acquired dally hy the proof mass.

These results arc nresented on Figure 9, which represents the doily charge
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 dutes
where the apogee latitude is at 30° north and 30" south hive also been shown, This
makes it possible to generalize the result obtained at any date of the satellite life
in as much as the orbit decay is not too important.
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Figure 9, Calculated and Mcasured Values of the Charge
Acquired Daily by the Proof Mass

This result obtained smphasizes well the very important variation of the vhurg-
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. CUNCLLSION

The valued of the charging currents determined from the data provided by the
accelerometer are also shown on Figure 9 as horizontal lines. These lines give

the niean value of this current over a period corresponding to the line length. The
results corresponding to July 1975, November 1275, and September 1976 ore

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 1uw
defined by the calculated current.

On a quantitative point of view, there appears a ratio of about 2 between the
measured and calculated currents. This ratio is emphasized by the broken line
curve which is traced by doubling the values of the calculated currents. This
coeffictent 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-frer satetlite = or an accelerometric satellite = 10 determine with
a sufficient precision the vartous 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 tho means to implement
and the procedure tu use to maintain the proof mass eleetrification 1o a tolerable
lovol.
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