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Design and numerical assessment of a passiv
electron emitter for spacecraft charging alleviation

J.-C. Matéo-Vélez, M. Belhaj, J.-F. Roussel, D. Rodgers

Abstract— In this paper, we examine the theoretical basis for completely effective and high level of charging can be
using passive unheated electron field emitters to control obtained. Another technique consists in the atrtificial
hazardous levels of spacecraft charging. We present the neutralization of the spacecraft absolute and differential
experimental evidence relating to the capabilities of passive and charging.
low power active field emitters. A new concept of passive field . ) . L
emitters is detailed looking at their characteristics and location In this context, an alternative solution could consist in
on a model satellite typical of a commercial geostationary USINg a passive (or low power) electron emitter. The physical
satellite. The assessment is performed by means of numerical process supporting such an idea is electron field emission,
simulations. The generation and extraction of electrons is Which ignites if the electric field at the surface of a metallic
simulated at micrometric scale. Their flow is modeled at element is greater than 10 MV/m typically. To obtain such
spacecraft scale to assess spacecraft absolute and differential magnitudes, the field must be enhanced by microscopic
charging alleviation. The system shows good promises limiting irregularities. In this domain, the Spindt cathode system
the inverted voltage gradient situations, observed. gspecially on (composed of a large number of small and sharp tips) [3] or
solar panels where cover glasses are more positive than solar carhon nanotubes [4] are seen as attractive technologies for low
cells. This situation is known as very risky in-flight, possibly  power field emission. The disadvantages of these systems rely
leading to sustained secondary arcing powered by the ., thejr complex spacecraft integration (voltage and current
ph.‘)t‘?"o'?'c.smar arrays th?én%elves' d.';.'”g”%’ "‘;\e review hOWf control in closed loop) and their energy consumption. Another
existing design practice would be modified by the presence of - icing technology operates in a completely passive manner,
such passive emitters S " . ; ;

utilizing the field enhancement at the triple junction formed at
the interface of metal and insulator exposed to space [5]. The
disadvantage of this latter system relies on the potential
difference between the anode and the cathode (passively
induced by the environment) needed to trigger electron
. INTRODUCTION emission, which was more than 1.2 kV. This level does not

Spacecraft in the Earth’s outer magnetosphere, includingally prevent ESDs to occur somewhere else on the spacecraft.
geostationary orbit (GEO), and in the magnetospheres of some

other planets, including Jupiter and Saturn are subjected to .In th|§ paper, we present a new concept-of passwe electron
high levels of surface electrical charging, sometimes up t mitter aiming at reducing spacecraft charging: the Spacecraft

; : ; : : harging Alleviation by Passive Electron Emitter (SCAPEE)
many kilovolts of negative potentials. It is also the case in pola . il
low Earth orbit (PEO). Large dielectric areas are exposed to t stem. Section Il presents the SCAPEE characteristics and

external environment, with the possibility to create a hug ection Il its numgrigal assessment. Section IV proposes a
differential potential. This can result in electrostatic discharg?@;mmary of how existing design practices may be modified by

Keywords—passive electron emission, field-effect, Fowler-
Nordheim, secondary electron emission

(ESD) between surface elements. Most common damagi € presence Of. the system on-board and presents the
events caused by ESDs are obtained in the so-called invert rspectives to this work.

voltage gradient (IVG), in which the metallic spacecraft body

is negative w.rt. to covering dielectrics. Such ESDs can Il.  DESIGNCONCEPT

generate several types of defects or damage to a satellite.

A. Overview
Over many years, spacecraft designers have _. .
developed mitigation techniques in order to limit the spacecraft Fig. 1 presents the ggneral overview of the SCAPEE_
absolute and differential charging ([1]-[2]). This includes System. It consists in a series (repe_tmon) of the same pattern:
techniques such as applying metallic coating and grounding 49 emitting cathode (C), an extracting anode (A) and a mask
many surfaces as possible, and choosing surface materials wh ) in between. The emitter is a tip (T) covered with a material

high secondary electron emission by electron impact. In sevefdth good electric field amplification capabilities, explained in
substorm conditions however, these techniques are n rt 1I-B. A series of such emitters is located on the cathode

support (C), with a matrix shape for instance, in order to
J.-C. Matéo-Vélez, M. Belhaj and J.-F. Roussel, are with ONERA - The Multiply the emission current. The tip is electrically connected

French Aerospace Lab, Toulouse, France (e-mail: Mateo@onera.fr) to the cathode. (C) is electrically connected to spacecraft
D. Rodgers is with the European Space Agency / ESTEC, Noordwik,  ground, possibly through a resistor component or resistive
The Netherlands (e-mail: David.Rodgers@esa.int) layer. (A) is conductive and disconnected from (C) and (M),

and covered by a thin layer with specific properties, explained
in Part 1I-C. (M) is connected to (C). The objective is to
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generate electrons only by passive means and to direct thendependent from each other and can possibly be used to
towards the ambient plasma in order to obtain a smootimprove other systems such as [3]-[4]-[5].

spacecraft discharging (in opposition to sudden and dangerous

ESDs). The current from the cathode to the anode must I [ocal Electric Field Amplification

minimized and its effect very well controlled or at least Given a potential difference at "large” scale between the
compensated. The electron current to the mask is considered 43, je ang cathode, the first difficulty is to enhance the electric
lost. field at the tip in order to generate field effect emission, whose
physical mechanism is sketched in Fig. 3. Electrons in solid
material are bounded to the core atoms via the electrostatic
force. The potential barrier induced by the electrostatic force is
called work function \() for metals or electronic affinity for
dielectrics and semiconductorg).(To be emitted into the
vacuum, electrons must overcome this barrier. Thus, electron
emission may be produced using two ways: 1/ Increasing the
temperature (thermo emission) or with particles irradiation
(photoemission, secondary electron emission) and; 2/ Lowering
the potential barrier at the material/vacuum interface with the
help of an applied electric field, in order to allow the tunneling
of the quasi-thermalized electrons through the barrier. This

T latter mechanism is of interest for this work.
- Vacuum level
EevV) 1
N W \:."’/‘ \
Fermi energy 1\ Image potential

T \E—— Applied field

N metal :' < Effective barrier

EEEES g

0 20 Distance (A)

-
T N Fig. 3. Electric Field Emission mechanism at metalivacuum interface
v v v v v v v v v v s

The Fowler-Nordheim equation [6] describing the

Fig. 1. Schematic overview of SCAPEE system. Top view is a cutting of the volution of the emitted electron current densliiy has been

bottom figure. The arrows indicate that the design pattern is repeated n-times.” " . - .
9 anp P verified theoretically and experimentally:

Secondary electron emission due to
ambient environment interaction with (A)

Useful electrons

_CF?_ [-cw’

J
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where C; and C, are constantsyV is the material work
function andF;= SE is the electric field amplified at the tif (

Parasitic
electrons

A . . . .
being the macroscopic field ang3 the geometrical
. IV amplification factor). The best emitter materials have the
T Fant' lowestW (or y) and also the highest enhancement fastbor

x) is an intrinsic surface material property. is highly
dependent on the cathode geometry and the material
surrounding the cathode (including the anode).

The proposed concept relies on covering (part of) the tip

Fi ) o Lo ) with a material layer made of carbon nano-tubes (CNT). As of
ig. 2. Possible electron trajectories from their emission at tip level. e . .

today, § amplification factor of about 2500 are feasible using

The SCAPEE system is composed of two series of finding&ENT carpets. Applying such carpets on sharp tips, of typical
In Part 1I-B, we describe the method proposed to increase ttfmensions some tens or hundreds of micrometers, may lead in
electric field at cathode level. In Part II-C, we describe how the€ar future to large electric field amplification, due to the

voltage difference between the anode and cathode is obtainBtltiplication of both tip and CNT factors ([7]-{8]). The
and maintained in passive mode. These two elements afgcond advantage of this cathode design is the better control of
the electron emission area, as compared to ([4]-[5]).

electrons
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C. Obtaining and Maintaining Passive Voltage electron recollection due to negative potential barriers around

The second challenge relies on the generation of a larde Which would be detrimental to the evacuation of the
potential between the anode and the cathode only by passigectrons emitted by the anode. Ideally, with a system located
means,i.e. without power supply. It is proposed to use theat infinite, the anode would float to the plasma po'gent|al, i.e.
ambient environment interaction with the system. The basig/0Se to zero volts (the spacecraft and cathode being charged
physical process at play is the electron emission due to tfigdative). On a real case, some locations are thought
impact of ambient radiations (electrons, protons and/oPromising: close to the end of SA (always facing the Sun,
photons). An anode with good emission properties can flo&XCePt during eclipse), or at the end of long booms, as shown

positive wrt to other spacecraft elements, in particular thé Partll.B.

cathode. Generally, dielectrics have better emission properties o ]

than conductors. However, they have the main drawback 8- Avoiding Risks

produce inhomogeneous potentials due to their low electrical The proposed system finally does not need any control
conduction. The system would therefore suffer from two kindsystem since the loop between the environment, spacecraft and
of defects. First the environmental conditions may be noinode potentials and electron emission by the cathode is a
uniform over the anode surface, especially the side facing thgiosed loop. There is no risk to generate for instance (too) large
cathode (which has all chances to be only partly at Sun). Thiglectron fluxes with a (too) large energy that may produce
may lead to an asymmetry of the anode charging and so ondquipment defect by electron return on a transient positive
deflect electrons emitted by the cathode, see the so-calleacecraft voltage (generated by such a large flux of energetic
parasitic electrons of Fig. 2. The second defect arises from tlkgectrons) as was unfortunately observed in [10]. In the present
collection of those parasitic electrons onto the dielectric anodgystem, electrons have a maximal energy corresponding to the
It results in a local change of the anode potentials, negative pbtential between the anode and the cathode. As the anode
positive pending on the number of secondary electronsmaximal potential is close to zero volts, there is no risk that the
generated by this impact. A yield greater than unity willcathode electrons can return back to the spacecraft, except of
produce the amplification of the electric field, similarly as whatcourse if the system directly fires towards the spacecraft
is observed in [5], where a pre-breakdown situation is obtaine@dwhich is easy to avoid).

However, this is quite risky a situation since it may lead to

ESD if the current rises too much. E. Resisting to Space Environment

In this work, we chose to use a metallic anode covered with The spacecraft is inevitably exposed to ambient
a thin dielectric layer with high electron emission yields undeatmosphere. The emitter oxidation and contamination is an
environment irradiations, see Fig. 2. The layer must also henportant issue that has to be addressed. Indeed, the surface
thin enough in order to be sufficiently conductive, to minimizemodifications may lead to significant work function changes
potential differences between the anode and the covering layaffecting the threshold emission of the cathode. This was
This depends on the nature of the layer. Possible candidates digstrated in the case of Mobdylenium, where the oxide layer
diamond or Indium Tin Oxyde (ITO). Diamond deposit isremoving with laser annealing shifted the threshold field from
known to efficiently conduct trapped charges (electrons, holesp5 V to 55 Volts [11]. Nano-tubes and diamond are less
ITO is known to have a large conductivity and electronsensitive to contamination due to the low chemical reactivity of
emission yields. their surface.

The third technical problem relies on ensuring that the Micro-tip sharpness, height and surface work function
anode will charge positive in a large range of configurationsdisparities will certainly result on emission current variation
Several solutions are proposed. The first one consists filom one tip to another. Sharper tips and tips with lower work
spacing the cathode pin systems from each other and use lafgactions may generate larger currents and in extreme cases
anode surafces in between, to avoid that the cathodes negativay be damaged due to excessive heating as illustrated in [12].
charge provokes interpenetrating barriers of potentials. Th&he problem may be solved by placing a resistor between the
anode must have the capability to emit electrons and shou&itter and the cathode electrode under the emitter. The
recollect only very few of them. This was evidenced forfunction of this resistor is to limit the current emitted by the
instance in [9]. The second solution consists in embedding thaicro-tip. It tends to normalize the emission current for all tips.
SCAPEE system in a so-called enveloping anode. This metallisnother strategy for improving the uniformity is to introduce
envelope is deployed all around the SCAPEE case. The besdundancy by increasing the number of tips per pixel. The
approach is to use a material with large electron emission yieldurrent contribution per tip is reduced and the operating
as for the anode described earlier and to connect thewoltage should be lowered.
electrically. This will permit to benefit from electron emission
whatever the orientation of the Sun for instance. This will help
getting a positive anode potential on a large range of
configurations. The third solution consists in locating severay
SCAPEE systems all around the spacecraft to multiply th
currents, but also to benefit from photoelectron emission mo
of the time. The fourth solution consists in locating the syste
as far as possible from any negatively charged spacecr
surface. Indeed, the anode positive potential is also limited

The temperature may have an impact on the threshold
oltage leading to passive emission at cathode level. During
mission, due to Joule effect, we could also observe outgasing,
hich could possibly lead to ionization under cathode to anode
jfferential potential. Such "self-generation” of ions may
roduce cathode bombardment and degradation. The
ﬁmperature could also influence the anode covering layer

operties. Indeed, the electron conductivity drops rapidly at
w temperature. Using very thin layers is thus required.
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Finally, cathode coating with nano-tubes is questionablezollected by the anode. This of course would lead to the
when looking at atomic oxygen bombardment in LEO. Incollapse of the anode floating potential, in real case. The study
GEO, the risk is significantly reduced. consecutively looked at the effect of the tip length and
sharpness, dimensions of the mask, anode hole and thickness.
We concluded that a smooth tip is preferable than a very sharp
) . one to obtain an emission preferentially directed towards the

The SCAPEE concept is assessed in two steps. In Part Ilf55 (and not towards the mask and anode). The tip should be
A, we numerically simulate several configurations andsaced below the anode and not in the middle of it. The use of a
optimized them. In Part Ill-B, we simulate a spacecraftnask is necessary. The anode hole should be large enough and

immersed in GEO charging environment and equipped with agreferentially with a shaped pattern as in Fig. 4.
optimized system.

Ill.  NUMERICAL ASSESSMENT

A. Simulation at Microscopic Scale

The concept was optimized using the Spacecraft Plasma
Interaction Software (SPIS) [13]. The axisymmetric geometry
used is reported in Fig. 4.

Axis of revolution
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!
r |
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Tip 'T\ &
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Fig. 4. Parameters defining the dimensions of the anode, mask, cathode and
tip.

It was supposed that the anode is conductive. The Fowler-
Nordheim equation (1) was used to model electron emission on
the tip, taking a work function of 4.5 eV. Tlkamplification
factor obtained by CNT is assumed to be equal to 2500. The
Poisson equation is solved to compute the "macroscopic"
electric field amplification imposed by the tip and overall
system geometry. Electrons dynamics is computed with a
Particle-in-Cell approach. The cathode and mask are set to the
same potential. The anode to cathode voltage follows a sweep
in order to find out the threshold for current emission. The top
external boundary is an open boundary for electrons (loss). The
potential on the top boundary was successively changed from
anOde_ VOItage_ (typ_lcal of Sun_“t surface potential mduped b)fig.s. Electric potential map (top) and corresponding electron charge
potential barriers in GEO), into a 1/r decrease typical Ofiensity (bottom, blue color corresponds to large densities). Basic
vacuum. The use of either one or another did not lead to vergnfiguration.
significant changes, since they have a second order (but not
completely negligible) impact on the potential map close to the An optimized configuration is given in Fig. 6. This
cathode tip and anode aperture. configuration, whose geometry details are reported in Fig. 7,

) ) led to a negligible collection onto the anode. Electron

A parametric study was performed on the emitter geometryrgjectories demonstrate the electrostatic lens behavior.
An illustration of a bad behavior is given in Fig. 5 in which thegetween the cathode and mask, the flux first diverges due to an
electrons emitted by the cathode tip are predominantlymost isotropic emission at the tip extremity. Then, it
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converges slightly before the mask aperture because the andslé875 eV. However, the potential at anode exit plane is rather

attractive influence gets inside this aperture. Electrons gdtetween -1040 and -875 V, meaning energy between 710 and

accelerated upward and their directed kinetic energy preven835 eV. The electron mean energy is thus about 800 eV and the

them from being deflected too much towards the anode.
[T /

Fig. 6. Top: Electric potential map and some electron trajectories for an
anode to cathode voltage of +500 V. Bottom: log10 of electron density for

00 600, -600

-750

voltage of 680 Volts. Optimized configuration.

plasma_pot_at_t_=_2.0E-9_s_(In_SC_ref_frame).nc
-7

-400 -300
]
-250

Radius [m] Length [m]
Mip 10e-6| Ly, 10e-6 1.08-02
I'pin 100e-6 Lpin 470e-6 1,0E-04 M
rar 1000e-6 La 500e-6 1,0E-06 }/{
Fag 800e-6) L 500e-6 10808 7
v 500e-6 Lg 500e-6 < 1,0E-10 f
LSZ 250e-6 g 1,0E-12

energy efficiency about 90%. In Part IlI-B, it will be thus
considered that the electron mean energy is 90 % of the applied
difference of potential multiplied by the electron charge, and
the energy dispersion will be taken as 10 % of the mean
energy. As a conclusion, the flux is close to unidirectional and
mono-energetic, which are interesting characteristics.

Potential profile at anode exit
-850

-875 o
g o
= 925 =
— -
=2 -950
I -a97s i
=}
o -1,000 oo -
-1,025 et
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X (m)
— Probed data

Fig. 8. Potential radial profile at anode exit plane for an anode and cathode
potentials of -875 V and -1750 V respectively.

Finally the current voltage (IV) curve is represented in Fig.
9. A significant current can be achieved with some hundreds
volts between the anode and the cathode. It should be able to
counterbalance ambient electron collection by the spacecraft
(fraction of milliamps in GEO substorms). The impact of the
amplification factorf is of prime importance to get a lower
threshold. Of particular interest, the net current rise follows the
equation (1) behavior only for low voltage difference. For large
voltages, the current extraction is so high that the electron
space charge (larger than®d@n™ in Fig. 6) does impact the
potential map. As a result, it automatically diminishes the
electric field at the tip vicinity, see Fig. 10, and so on the
extracted current. The simulations performed in this study
showed that the current density increases linearly instead of
exponentially after this knee point.

Full IV curve from Simulation 19
—o— Full IV curve from Simulation 20

Fig. 7. Optimized system dimensions.

An interesting point is the energy and divergence of the
electron flux when they escape the anode exit plageat
1.75 mm away from the cathode plane. As shown in Fig. 6, the
flux is axisymmetric with a slow divergence of approximately
30° (0.5 radian). The energy of electrons when they escape
depends on the local potential, represented in Fig. 8, where the

cathode was at potential -1750 V and the anode at -875V. TI@. 9. Net IV curve of the optimized configuration assumfg 2500 (light
maximal theoretical energy of electrons exiting the anode hofgue, "simulation 19")ang = 1000 (dark blue, "simulation 20").
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Fig. 10.Maximal electric field as a function of anode to cathode voltage. The
solid black curve is theoretical extrapolation of numerical results (squarred

line) and assumes no space charge effect. Bottom
Node 1

kapton
B. Assessment at GEO Spacecraft Scale

The effect of the SCAPEE system on global spacecraft
charging is assessed through numerical simulations using SPIS.
[14]). The spacecraft geometry is described in Fig. 11. It is
composed of a conductive spacecraft hub of dimensions
1.76*2.64*2.64 m covered with of Indium Tin Oxide material
(ITO) except the top and bottom surfaces covered with kapton,
two circular antennas of diameter 2.00 m and thickness 0.15 m
made of graphite, a cylindrical antenna of diameter 1.00 m and
length 0.88 m made of graphite, and finally two solar arrays
(SA) of dimensions 7.04*4.40*0.15 m covered with cover
glass material (CERS). Materials have default SPIS materi&lg. 11.Spacecraft geometry front and back side, with covering materials.
properties; see the documentation embedded in SPIS reledisse the emitter is located 0.4 meter away from the SA.

[13]. The SCAPEE system was modeled as a small cube

covered with anode material. This material is assumed to have ) Reference case

very good electron emission properties, thus we take the most After 1000 s, the spacecraft ground reaches -5400 V and
appropriate SPIS default materiag. CERS. The cathode is the cover glasses -3 200 Volts. This corresponds to a +2200 V
not modeled by a geometrical surface, since it is covered withverted voltage gradient. Of course, this situation may lead to
the anode. ESDs on the SA. Shaded dielectrics are negativéo ground,

: ; ith a maximum of -11 900 V for the kapton surfades,a
Several runs were performed with 0/ Emitter located 0.4 r%ri\llormal potential gradient (NPG) of -6 500 V.

from the SA, see Fig. 11, but not activated (location #0); 1/

Activation of an emitter located 2 meters away from the SA  The SA potential is more positive far from the spacecraft

(location #1); 2/ Emitter located above the spacecraft anfub, see Fig. 12, because the influence of the negative

facing the plasma (location #2); 3/ Emitter above the spacecradpacecraft is less pronounced. Photoelectrons are more easily

and facing the SA (location #3). extracted towards the plasma close to the end of the SA, due to

The spacecraft is immersed in the ECSS worst-ca:ﬁlgwer barriers of potentials. In this reference case, the best

environment [14]. Ocation for emitters would be at th.|§ latter pla}ce. Indeed, the
anode would float to the most positive potential there. In the
present simulation at 0.4 m away from the SA however, the
emitter is influenced by the negative potential of the SA rear
side, and it floats to a more negative potential of -3900 V, as
shown in Fig. 14. This position would not prevent at all SA to
charge at dangerous levels. The location is optimized in further
parts.

g
’e

SA shadow, booms and SA sides
Node 5
CFRP
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sc_pot_(surface-centered)_at_t_=_1000.2629_s.nc(V)
-1.26e+04 -1.02e+04 -7.78e+03 -5.37e+03 -2.97e+03

sc_pol_(surface-centered)_af_t_=_1000.2629_s.nc(V)
-4.50e+03 -4.12e+03 -3.75e+03 -3.38e+03 -3.00e+03

Fig. 12.Top: spacecraft surface potential in the reference case after 1000 s.

Bottom: Zoom on the SA and emitter region.

' log 10_of_final_photoElec_charge_density_-_step 1.nc()

é,QD 6.11 7.22 8.33 9.44

Fig. 13.Log10 of photoelectron density showing the location of electron

ejection, close to the end of the SAs.

Zoom of potential
-6.00e+03 -5.25e+03 -4.50e+03 -3.75e+03 -3.00e+03

Fig. 14.Emitter potential when at location #0, showing the negative potential
barrier preventing efficient anode charging.

b) Emitter at location 1

The current-voltage curve obtained with= 2500 and
reported in Fig. 9 are used on the 0.2x0.2 m top surface of the
SCAPEE anode. The current is calculated as a function of the
potential between the anode surface and the underlying and
grounded cathode. As indicated in Part IlI-A, the electron mean
energy is 90 % of this potential difference multiplied by the
electron charge. The energy dispersion is 10 % of the mean
energy. The angular dispersion is 0.5 rad.

Fig. 15.109g10 of passive emitter electron density, using the emitter at
location #1, i.e. 2 meters away from the SA

After 1000s, and assuming that ten emitter tips are used
(250 tips/m), the IVG level is limited to only +450 V on SA.
In this condition, the ground is at -1 350 V, SA at -900 V and
anode at - 650 V. The anode is the most positive surface, which
shows that is position has been appropriately chosen. Electrons
are ejected from the system to the plasma because of their
initial kinetic and potential energy. They are then accelerated
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toward the undisturbed plasma region, with no chance dfig. 17.1og10 of passive emitter electrons density , using the emitter at
recollection by the spacecraft. location #3

¢) Emitter at location 2 sc_pol_(surface-centered)_at_t_=_1000.097_s.nc(V)
-4.00e+03 -3.60e+03 -3.20e+03 -2.80e+03 -2.40e+03

The system is now located above and at 3.2 m from the
spacecraft hub in the Sun direction. It faces the plasma. Such a
position is possibly obtained using booms. It has the advantage
to avoid interactions with the SA system (including drive
mechanisms). Using a density of 250 tips/teads to a
spacecraft ground of -2150 V, SA at -1400 V and an anode at -
1500 V. This situation is less efficient than location #1 because
the negative spacecraft influence is quite large at location #2.
Of course this influence would decrease when getting further
from the hub, using a longer boom.

Fig. 18.Spacecraft surface potential with 1 emitter at position.Colour bar is
limited to -4000 V negative to show SA potential gradients.

IV. SUMMARY

This paper assesses the conceptual design of a new
passive electron emitter, so-called SCAPEE, aiming at
reducing spacecraft negative charging. Under the reported
conditions, the potentials of the GEO spacecraft used in this
study seem possible to control with a limited number of
emitters. The inverted voltage gradient is significantly reduced.
Because the system is not dependent on the Debye length, if
severe negative charging were to occur in PEO, the device
would work as in GEO. Probably shorter booms and distance
to the spacecraft would be sufficient to get rid off the negative
Potential barriers, due to more efficient Debye shielding.

Fig. 16.1o0g10 of passive emitter electrons density, using the emitter a

location #2, i.e. 3.2 meters above the spacecraft and facing the Sun. At emitter level, it combines the electric field amplification
' ' of a tip covered with nano-materials, and the passive
d) Emitter at location 3 generation of anode to cathode voltage. The anode design was

The emitter is at the same location as #2 but it is rotated ghown to be of prime importance as well as the presence of a
face one SA. This situation aims at determining if SAmask in between. One of the main objectives,to maintain
differential charging may be mitigated by electron collectionthe anode positive only by passive means (no power supply),
Fig. 17 shows however that the emitted electron density ieems possible to achieve from the theoretical and numerical
small (smaller than T0m?®) compared to the photoelectron assessment performed.
density of Fig. 13 (larger than 4@n®). This current onto SA
does not change significantly its potential as compared to t
other SA, see Fig. 18. This situation is finally less efficient tha}.rgr
location 1 and 2.

Putting SCAPEE at the end of long booms seems
omising. Close to the end of solar arrays is also a good
osition. The system thermal conductivity, absorption and
emissive properties will have to be investigated in order to
keep its temperature to acceptable ranges. As long as the
system remains small, it should not jeopardize global
spacecraft thermal equilibrium. The temperature of the emitter
itself should also be investigated, in particular the cathode. It
may influence the electron emission at micron scale. Basically,
the SCAPEE cathode is connected to the spacecraft ground
structure. The necessity to prevent large transient currents
arises from the risk of unexpected electron avalanche (for
instance provoked by electron colliding with the anode, with
subsequent secondary electron emission). The energy released
may burn some tips and reduce the efficiency or destroy the
unit. The solution would consist in mounting the SCAPEE unit
in series with a component resistor, in complement to the
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optional resistive sheet between the cathode and the SCAPRBgeing and thermal effects are also key aspects to assess the

support.

The SCAPEE system may also impact how existing

spacecraft charging mitigation techniques are implemented.

We can first expect changes concerning passive methods: This work was supported by ESA (ESTEC Co
metal coated dielectrics, high secondary electron emissia®000105753/12/NL/KML).

dielectrics or

dielectrics covered with semi-conductive

paintings. The differential charging of dielectrics on sunlit
faces is reduced by the SCAPEE system. As a result, it could
be feasible to decrease the constraints that prevail as of tod&y
for material selection. It could help using new materials with
more confidence levels. The mitigation proposed in theLJ
SCAPEE system tends however to increase the constraints h
shaded dielectrics in normal gradient situation, since they still
charge to very negative potentials while the ground is limitegs;
to less negative voltages. Larger margins may be needed for

them.

4
The SCAPEE system can be seen as a complement [t(])

existing active methods described in [1]-[2]:

Hot filament for emitting electrons. The objective is the[s)
same: to reduce the absolute charging and IVG levels.
This technique is a bit risky since electrons follow the
electric field lines since they have a low energy at6]
emission, with a non negligible risk to strike the
spacecraft, with unpredictable effects. 7

Electron beam. The objective is the same but electron
guns need a series of voltage supply and controls
(heated electrode, accelerating anode, grids, focué!
etc...). An instrument failure was observed due to
control errors [10]. [9]

lon beam. The emission of an ion beam with a sufficient
energy can provoke secondary electron emission and
decrease the negative potential of some parts. It could
reduce the normal gradient situation. The operation ofio]
the ion beam is however complex since ions are emitted
towards the plasma and return back to the spacecraft
because of its negative potential. Material erosion and
contamination must also be addressed. 1

Plasma emission is more effective than electron or ion
emission alone. It helps discharging both normal an
inverted potential gradient. It needs to embark gas tan
and control systems. It must be operated only whe
necessary and with a sufficiently dense plasma. Erosio
and contamination must be addressed.

N

3]
4]

In near future, it is expected to build a prototype of

the system, to test it under GEO-like plasma environment.

SCAPEE reliability during the spacecratft lifetime.
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Context

Spacecraft negative charging during GEO substorm, PEO auroral events
Electrostatic discharges
Secondary arcing on solar arrays

Mitigation technique 1 = to limit the appearance of ESDs
Material coating
Grounding conductors
Neutralization using electron guns, plasma contactors, ion beams

Mitigation technique 2 = to avoid damaging effects of ESD
Take margins on solar array design (current, voltage)

In this work
New concept for Spacecraft Charging Alleviation by Passive Electron Emission : SCAPEE
Mitigation technique 1 - limit ESD appearance
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Some Electron Emitters In

-~

\Pre-breakdown situation at triple point

13th SCTC, Pasadena, CA, 23-27/06/2014

g

Aguero-Adamo 2002: Active system
Electron field emission at tip level

electro

+++++++

Dieledrnic

T~

Metal

Iwata-2009: Passive system, Ambient Env. charging

Space Ind

Okhawa-2007: Active system

@aetron field emission at Carbon Nano Tube carpet (CNT)

ONERA/ESA 2014 : Passive system, Amb

. Env. Charging
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SCAPEE overview

Secondary electron emission due to
ambient environment interaction with (A)

Useful electrons

< —-——
< —-——
< —-——
<€« -=--
k

1 1 1
1 1 1
1 1 1
\% v \%

o § / Main points \

<€« -=--
& -=-=
& -=-=

Parasitic
electrons T Acanduction — 1.

Cathode: tip covered with CNT

1/ ! Passive charge of anode: metal covered with thin

- 7//////////4 | dielectric layer, enveloping anode
electrons m

Global efficiency of electron emission: mask,
shaped conductive anode, location on SC
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CNT covered Cathode Tip

- Multiply electric field amplification

- Tip Factor = Length / Radius up to 10-100

- CNT factor = up to 2500 from literature

- Challenge = make CNT grow on a tip (recent advances in this field in literature)

R
p=LR é\ L B = 1000 to 2500 B ~ 2500*L/R
SANVAMIA M
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Anode Design Specifications

Positive charging only by passive means

Ambient electron impact (SEEE)

Photoemission Secondary electron emission due to
ambient environment interaction with (A)

Useful electrons

Appropriate materials
Generally dielectrics
Use of a thin layer to preserve electrical conduction (SAi()ie of D
Candidates: diamond, Indium Tin Oxide

Parasitic
electrons T Aconduchon 4"

Sandwish structure

. . i
Co.nductlve basis (metal) | ////////////A
T _/\ M
Thin .Iayeer:] iz; ;sp to benefit from \/\% tfﬁtrons //////A
» conduction
- Advantages

Avoid recollection of cathode electrons by the anode
Maintain anode/cathode voltage
Mask = Avoid recollection by anode
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Enveloping Anode

- Anode envelops the system
Optimize positive charging whatever the Sun direction
Covered with a material with good SEEE and photoemission

conduction

- Preferred locations for SCAPEE |

Close to less negative surfaces - end of solar arrays
Far enough from most negative spacecraft surfaces - end of long booms

photoelectrons
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Numerical Assessment at Micron Sc

- Parametric study
Cathode dimensions
Anode shape and dimensions
Mask position

- Use of SPIS, the Spacecraft Plasma Interaction Software

- Initial configuration = loss of electrons on the anode
-> not possible to maintain the anode voltage - inefficient

-1.00e-26

DO ERA



Optimized configuration

° E|eC'[rOS'[a'[IC |enS | | plosma_po‘r_o‘r_f_=_2.DE—Q_s_(in_SC_ref:_frome).nc
. i -700 -600 -500 I-d_O_O -300
Prevent electron recollection by anode — - —

Electron converge and then diverge
Need larger electric field amplification at the tip

Full IV curve from Simulation 19
—o— Full IV curve from Simulation 20
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0 500 1000 1500 2000 2500
Va-Vc (V)

Inet (A)

Currents of some fraction of milliAmp
Space charge effect when the current increases
Linear increase with anode/cathode voltage, instead of exponential
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Assessment at Spacecraft Scale

GEO environment from ECSS worst case for surface charging

Absolute pot

Differential pot

-5400V

0

Bottom
Node 1
kapton

Antenna

Node 0
gr2k /
1

-3200V

+2200V

SA shadow, booms and SA sides
Node 5
CFRP

sc_pot_(surface-centered)_at_t_=_1000.2629_s.nc(V)

- Reference results without SCAPEE et ey T e
att=1000 s

Ground Cover Anode
glasses

-5.37e+03

-2.97e+03



SCAPEE away from SA

- System located 2 meters away from SA
Avoid the barriers of potential imposed by the negative spacecraft surfaces
Anode tends to float positive wrt all other SC surfaces
Significant reduction in cover glass potential

Zoom of poftenfial
-6.00e+03 -5.25e+03 -4.50e+03 -3.75e+03 -3.00e+03

L2

Bad position

Good position

log10 of passive electron density

Zovsm of potential
5008401 4,00+ 03 -3.00e+03
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s Ground Cover Anode
glasses
Absolute pot -1 350V -900V - 650 V
Differential pot 0 +450 V + 700V
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sc_pot_(surface-centered)_at_t_=_1000.097_s.nc(V)
-4.00e+03 -3.60e+03 -3.20e+03 -2.80e+03 -2.40e+03

v’ '

Surface potential

log10 of passive electron density

Ground Cover Anode
glasses

Absolute pot ~ -2150V -1400V -1500V Anode charging is not as good as before
Solution = SCAPEE at the end of a long boom

Differential pot 0 + 750 V + 650 V
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SCAPEE firing the SA

- No difference in solar array potential
- Probably less efficient system

sc_pot_(surface-centered)_at_t_=_1000.097_s.nc(V)

-4.00e+03 -3.60e+03 -3.20e+03 -2.80e+03 -2.40e+03

Not fired
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Summary

Concept assessed at micron and spacecraft scale by numerical study

Combines
Sub-micron structure of the cathode
Anode shape and covering layer
Mask

Fully passive method

Importance of location on-board

Next steps
Prototype
Test under space like condition
Ageing and thermal cycling effect
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