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Research Objective-

To replace hollow cathodes used in EP systems JpL
with cold cathodes.

Field Emission Array

O”OtOde - Cathode

N

Field emission array cathode

Hollow cathode *NO propellant required
* Heater required *NO heater required
* Propellant required 1 mW, 0 mg/s, 100 mA
*1/4" cathode: 25-40 W, 0.5 mg/s, 4.5 A *Easily scalable in size and power

*1/8" cathode: 7 W, 0.1 mg/s, 100 mA to be used with micropropulsion systems



Electric Propulsion Systems Requiring
Cold Cathode Technology Jpl—

Small/M esoscale Thrusters

1. Mesoscale Hall thruster developed by MIT
~300 mA, ~50 W, ~3 mN,

2. Mesoscale ion thruster
~100-200 mA, ~50 W, ~5 mN

£ Hollow Cathode
s
Anode ——11\?,
€e

Propellant
Inlet

Electromagnets

Discharge
Chamber

M icroscale Propulsion Systems

Small Hall thruster

1. Microcolloidal thruster ~10 uN, 10-100 uA
2. Field emission electric propulsion(FEEP) system
~1 mA, 100 uN, 6 kV



Potential Diagram SPL

anode
A
discharge +
voltage, Vd
@) Charge-exchange ions originating
near the thruster can bombard the cathode
. . N
¥ with energiesof f +f Jasma
ion beam
‘/ C;x
F=0
r
sheath boundary
chamber wall
lons generated between the gate
and cathode will bombard the cathode microtips.

cathode gate electrode



FIELD EMISSION S

NIRRT
x! e F Potential barrier at the cathode
- surface is lowered by the electric
F/F field so that electrons can tunnel
\ out of the material.

Potential well diagram

Fowler-Nordheim egn. for field emission current density:

Jen (F) = agF 2 exp(- bin / F)

2 1 &4 s O
b, = —/2n¥ ,t a, = exp%—.\/Zmc u =+
fn hF w (y) fn 1ajht(y)fw Bh w Og
F (V/cm): surface electric field
F ., (eV): work function of the material
E:(eV): Fermi energy
e= electron charge




Role of this Thesis and
Structure of the Defense

JPL

1. Cathode environment characterization.
2. FE cathode testing in simulated thruster environment.

—Can cathodes operate in thruster environment?
—How does the environment affect the cathode performance?

—What are the limitations in cathode operation?

3. Develop a performance degradation model.
—Predict effect of CEX ionson lifetime
—Accelerated testing

—Reduced development costs

4. Develop a sheath model to predict space-charge current limits.
—Thruster
—Tether

5. Use models to design cathodes for Hall thruster and tether environments.

—Tolerable operating voltages
—Size of cathodes
—I/cathode

—# of cathodes required to do the job




Table-Thruster performance

Cathode Environment Char acterization-
Hall Th

60

Va(V) M (scm) 14(A) T(MN) hy(%) 0
300 23.4 1.8 261 27
300 27.4 24 338 29
300 34.0 32 454 32 20
300 38.6 38 553 35
300 430 46 654 36

ruster

B 27 sccm
€ 37sccm
A 42 sccm

150 200 250

Va(V)
Fig. Thruster |-V characteristics.zz

300 350

1 43.0
38.6

L ..

1 2 3 4 5
lg (A)

Fig. Thrust vs. discharge current



Cathode Environment Characterization- JpL
NPF and Faraday Probe Measurements

lon current density
V(scm) 1,(A Va(V) TwA) lwo(A) PankTOr) J(mA/an®)

23.8 19 259 19 8 1.1x10°  0.010
23.8 19 300 19 8 1.1x10°  0.010
28.6 2.7 298 18 5 1.3x10°  0.013
335 35 298 18 5 1.5x10°  0.018

38.0 35 300 28 15 1.7x10°  0.014
42.7 4.5 300 26 1.9x10°  0.019
43.1 4.9 300 27 1.9x10°  0.020

o

Neutral xenon pressure and ion current density
M (scem) I, (A) Ve(V) 1A 1y {A) P (Torr) Py (Tor) I (mA/cm?)

18.7 1.3 260 25 12 8.0x10° 2.1x10° 0.001
19.1 1.3 280 25 12 8.3x10° 2.1x10° 0.001
194 1.3 302 25 12 8.3x10° 2.1x10° 0.001
235 2.0 200 27 9.8x10° 8.9x10° 0.003

7
234 1.8 300 27 7 1.0x10° 9.1x10° 0.002
27.4 24 300 27 7 1.2x10° 9.1x10° 0.003
34.0 3.1 300 27 8 1.4x10° 1.3x10° 0.005
38.6 3.8 300 27 8 1.9x10° 1.7x10° 0.006
43.0 4.6 300 26 8 1.9x10° 1.6x10° 0.008




Cathode Test Configuration at LRI-
Cold Cathode Technology 1- | @]

HfC and ZrC Single Tip Cathodes

anode Vogel mount
Objectives amitter
Can FE cathodes operate in O, and Ar
environments? 20 MW
What happens to the cathode surface during 5

the exposures?
FEM Electrical Schematic

Vogel cathode mount Field Emission M icroscope (FEM)

example
emission pattern




Field Emission M icroscope Il mages

Fig. Dirty cathode tip or nanoscale protrusions

Fig. Clean cathodetip with stable emission




Carbide Cathode | @I
Experimental Results —

20x10°
A Dbeforeargon at tl
-29 - ¢ beforeargon at t2
® after argon at t3
— 15
-30 g
> a1 10 3 Oxygen (0..5.hr.) |
= g *Emission pattern improved.
-
-32 —
— 5 Argon-Exposure (0.5 hr.)
33— «1071% Torr-no pattern
0 *6kV, 3x10° Torr, 20 A
I I I I

I I I
160 180 200 240x10° 4000 4500 5000 5500 6000

vV Voltage (V)

* ‘ DD
a b. C. ‘

a) during Ar exposure I, b) during exposure Il, c) after exposure

*10-9 Torr-great pattern
*SEM showed no tip damage
from exposure.



Carbide Cathode | R]
Experimental Results —

Exposure to oxygen improved emission pattern.

— Resistance to oxygen poisoning is valuable for
successful ground testing.

Emission half-angle average was 28°.

Argon exposure cleaned cathode!

— Could be true for any inert gas environment?

Carbide cathodes were incredibly robust,
operating at several kV without failure!



Cold Cathode Technology-2:
Thin Film Field Emission Sources Jp'—

Carbon film cathode fabrication
CH: + H-

/

Activation
heat

Ho — 2H

CHi+H — CHs +H:

Flow and Reaction

Fabrication
-process: HFCVD (Hot Filament Chemical Vaporization) l T
-thickness: ~ nm

Performance L l difuson
- = 2
Jomax= 100 mA/cm< at 10 V/um observed at FEPET ubstrate

-start-up in UHV and 10-° Torr xenon no differently!
-Very robust!

-High voltages required (800 V)

-10°V/cm required for field emission



Cold Cathode Technology 3-

JPL

Si Field Emission Array(FEA) Cathodes

Si cathode fabrication process

a) Deposit insulator
l (SI02 and Si3N4) & pattern

2 ; b) Anisotropic etch

to form pyramids
" i| c¢) Etch columns and
sharpen tips (oxidation)
d) Evaporate SiO2

€e) Pattern photoresist
& deposit metal

F | d) Lift metal and etch
- insulator

Microtip configuration (courtesy of Dr. Kevin Jensen-NRL)

MCNC Si single FEA cathode
tip with 16,000 tips and
rg:l um

Si char acteristics
*Work function 4.0 eV
*E,,~ 45 eV (xenon ions)

State-of-the-art

*2.5UA at 25V from 1 tip (not at MCNC)
*3mA at 85V from 100 tips (MCNC)

* 7.2x10° tips/cm? (MCNC)

* 1,021,710 tipsin array for sale



Cold Cathode Technology 3-

Spindt-type Field Emission _IPI_

Array(FEA) Cathodes

Fabrication of Spindt-type FEA cathodes

blank structure
]~ gate electrode (Mo)
< insulator (SO 2)

A/A/A/A/
- A SRI Int. Spindt-type Mo single
cathode tip in FEA with 50,000 tips
M= 0.45 um

e-beam evaporated cone material

RN -
Mo characteristics

ﬁ Pd— cone material

: . * Work function= 4.35 eV
* E;, ~ 39 eV (xenonions)
State-of-the-art technology

' ,‘l ) « 2000 A/cm?(SRI)
e 125 uA/tip from 100 tips (SRI)

E

* 1uA at 25V from 900 tips (MIT/LL)
< sngledement of e >108 tips/cm? (MIT/LL)

afield emission array




Field Emission Cathode Experimental
Apparatus and Configuration Jpl—

Ultra High Vacuum

Facility
*Turbomech. pump
el onization pump
*Sublimation pump

w/liner for LN,
*GP variable leak valve
eBase pressure ~7x10' Torr
2 cathode test flanges

10 kw

. DEFLECTOR |
=L 100 KW ‘
N () A ANODE

+
T 1-10 MW

< :) AM—o GATE
+ _
T e ey W -~

Cathode test flange Cathode testing schematic.




Performance of Carbon Film JPL

=10

Field Emission Cathode
Cathode current response to exposure g0
o 10

T
to 2x10°°® Torr of xenon during 4 hours. |, d-

*Anode voltage=900 V 3850
*Gate electrode voltage=845 V SZSE
«Cathode current is 28 MA :::

Fluctuationsin | and V caused by ionization gauge _ o[
being turned off and on. if,

© 0 ~N O

—r

28 =

24

2= ¥ 20 ] ] ] ] ] ] ] ] ] ] ] ] ] ] |
28- ¥ UHV j 12.0 125 130 135 140 145 150 155 160 165 170 175 18.0 185 19.0 195

) 2x10°Torr- increasing voltage Time (hr.)

24 - .
- 210 6Torr-de<:reas| ng voltage

(8 min. later)

20

| (M)

16

12

|dentical turn-on and turn-off |-V curves

0 b by by in UHV and 2x10°% Torr of xenon!!!!!
300 400 500 600 700 800

Vg (V)




FEA Cathode Experimental
ODbjectives

Experimental Objectives
— 1. Can FEA cathodes run in 2x10° Torr of Xe?

JPL

— 2. How does the performance change in this environment?

« Efficiency
e Emission current

— Temporary (Df ,)or permanent(Dr,)?

— 3. How is the performance affected by operating voltages?

 Gate electrode
e Anode
e Yamamura model

— E, for Xeions sputtering Mo is 49 eV.
— E,, for Xeions sputtering Si is91 eV.




MCNC Si FEA Cathode JPL

Experimental Results

Current decreased in xenon environment.
Cathode was damaged in this experiment -
with the gate electrode potentialatvo0v (¢ [ 5
and maximum ion energy, E; . at 65 eV. — 1 7
V=70V d _
Vg =70V
l,=3.2nA - -~
Ei o ="65V _
. . . . T “I“ -a_"._.&.
Similar experiment conducted with V  at 05 10 15 20 e 30 e 20 a5
60 \1/00had similar results. Time (hr.)
o No performance degradation
80 at this operating point!
60 V=60V
g V,=50V
@ |, =20 nA
20 Eiox =45V

Can operate Si FEA cathodesin
10 Torr of xenon if V" 50 V.?

Time (hr.)



SRI Int. Mo FEA Cathode Experimental Results

200 = 10

-4
180 = 10

160
Z140
(=
~120
100

80

60 =

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0.0 25 5.0 75
Time (hr.)

Fig. Cathode current response to increases

~50.00
in xenon pressure to 2x10° Torr with vV, ?,49 % 10
at 50V and V_at 60V during 5 hr. > 49'80

*Very littleif any damage if any was done 75

to the cathode when exposed to xenon at
low enough gate electrode potentials
(V4" 50 V).

125

| | | |
1 2 3 4

Time (hr.)
Fig. Cathode current response to xenon exposure and increasing
anode voltage with V at 50 V and V at 60-120 V.

95
9.0 10°
:‘:5 85— 7 10"
8.0 10—8
10°
0 1 2 3 4
Time (hr.)

Fig. Cathode current response to xenon exposure with V at 50 V
andV_at 100 V.

(1o1)ainssaid

(uo1)d



/1

Mo Cathode Performance Degradation Rate at
Different Gate Electrode Voltages

1.00—
0.98—
0.96—
0.94— o 57V
—- 58V
| 459V
0.92 20V ‘
I I I I I
0.00 0.05 0.10 0.15 0.20

Time (hr.)
Fig. Cathode current response with V_ at 100 V
and a pressure of 2x10™ Torr of xenon and V, increasing

In 1V increments every 10 min.



Experimental Results SPL

FEPET carbon film cathode

Cathode performance was not affected by xenon environment (10 Torr)
with V, at 850 V!!

Low efficiency-must reduce dimensions to increase efficiency and
decrease operating voltages.

MCNC Si FEA cathode

Xenon exposure did not change the Si cathode work function!
Si FEA cathode can operate in xenon environment (10 Torr) with very
little damage, if any for several hours!
Gate electrode voltage limited to below 60 V to avoid tip sputtering.
* Yamamura model predicted E,; is91 eV.

SRI International Mo FEA cathode

Xenon exposure did not change the Mo cathode work function!

Mo FEA cathode can operate in xenon environment (10 Torr) with very
little damage, if any for several hours!

Gate electrode voltage limited to below 50 V to avoid tip sputtering.
* Yamamura model predicted E;, is 49 eV.



How can the changes in emission current, [(t),

be predicted from a FEA cathode in the Jpl_
thruster-like environment?

Current change from cathode array due primarily to changesin tip radius
and spread intip radiusin array from ion bombardment.
Two populations of ions bombarding the microtip structures
« CEX population with uniform flux over the microtip surface
e Local population primarily hits emitting area of the tips

1) |( (t)) ) d is atomic spacing
I’t ="

0 D% O
ar O o'o'o‘o'o'o’o O
2) L — — _ Tipradiuschanges by d .O%%%CD%%g% ®
dt t with each layer removed. O0O0O0CO0gOO0OOOO
e
nomenclatur

r, isthe minimum tip radius

I r IS the maximum tip radius
— _L max t
3) DS(t) - B 1 dn;gxatomic spacing
rt (t) tJstime to remove a monolayer and

increase the tip radius by d.
Dsisthe spread in tip radii across the array




Cathode Performance Degradation M odel Jpl_

w! c’

d, a,n

|-V data experimentally acquired

y

Estimater, and Ds

—
rg’ Ntips with Jensen model
,| Calculatel at Vv, Estimate Sputter Yield with
with Jensen model. Matsunami-Yamaura model
ol P > Estimate time to sputter off a monolayer

from the cathode emitting area using the Brodie model.

Calculate changeinr,
and Dsin time.




Jensen FEA Cathode
Performance M odel JPL

Statistical approach to modeling FEA cathode performance:

|array (Vg) = Ntipsé. (DS’\/g))area(Vg)]FN (Ftip(vg))

2
Jen (F) =amF“ exp(- b / F) .
e D 5 0 1
Ftip » bng bg »& - tan” be T —
gInag /v ) o'
r(S):rt(1+S), where 0" s" [Ds Tipradiusisrepresented by a distribution of tip radii with the

minimum tip radius being r, and the spread in tip radii Ds.
o _ exp(Dsh)- 1
a (DS’VQ)_ DSb
r. and Ds can be determined from the following equations and
from |-V curve experimentally acquired:

d? +2x
B, = :+ < 2
b, @ 4d°0,
= N,..2pr.° cos’ (b, Ja, ——expg2+—=—zia (Ds, x;*
AFN tip: pt ( )fxOfrl pg 3X§ﬂa( Xo)



Brodie Tip Sputtering M odel

JPL

A tip sputtering model was developed by Brodie to determine the
time to remove a monolayer from the emitting area of the microtips:

_ 2pr°(1- coss)

d’n,

Removal rate of material from the emitting tip area (atoms/sec):

'm |
ns = 0~ NQV)Y(V)dr
s

Radial potential distribution used in the model:

Ve _agt 0%

Vg r rg

!I‘g

— e

J— rt— rg

8
g n

actual model

N=3.55x10'P (molec./cm3)

Significant radial positions with r _ being the
maximum radial position from which ions 1

generated will hit the aé/ 05
emitting area of thetips: r =r _g
m th =
t g

I'm



Performance Degradation M odel JPL
Results-SI FEA Cathode

Xenon pressure at 7x10° Torr
V,at 86V

b 1,75 V, at400V

=20 MA

710 2.5 hr. exposure

1 rt= 45.2 A

Wy e ° Ds=185

(uo1)d

0.0 05 1.0 15 20 25 3.0 35
Time (hr.)

Xenon pressure at 2x10™ Torr
V,at 0V

V,at 70V

| = 3 nA

1 hr. exposure

Good correlation between experiment and
theory if E, for sputtering Si with xenon

ionsis 45 eV! 05 10 15 20 25 30 35 40 45
Time (hr.)




Performance Degradation M odel
Results-M o FEA Cathode S

f w bc rg Nt ps AFN BFN f Ds
(ev) (rad.) (A) ANV (V) (A)
| 435 026 4500 50000 0.0013 819 43.6 50.0< Inijtial parameters calculated from |-V data
I 435 0.26 4500 50000 0.0024 952 53.5 42.5< Final parameters calculated from |-V data
Il 435 0.26 4500 50000 53.6 40.8 4 Final parameters calculated by the
performance degradation model showing
~— great agreement between theory and
20— -—\ — 10'6 experiment!
W ......... P
— ' |mees -
o S ~ 10" P =2x10° Torr of xenon
< — lcac. with 2 V_ =656V
Ezlo B CEX ions SI g _
— 4108 vV, =80V
5 E,=39eV
-9
—110 _
O Good correlation between
| | | | experiment and theory if E,, for
05 0.0 05 1.0 Sputtering Mo with xenon ionsis

Time (hr.) 39 eV!



Sputter Yields of Mo and
Si by Xe lons JPL

Comparison between sputter yield values calculated by Yamamura and
Matsunami model using various E,, values and sputter yield values measur ed
by Rosenberg and Werner.

Molybdenum Silicon
| 10" [
10
107
-2
10 -3
10 — g, =48eV
10 |- Al an = 55 eV
— an =39V W0 I gy = 66 eV
10+ ¢ Rosenberg and Wehner 10°k - ey =9leV
0 ¢ Rosenberg and Wehner
-5
10 10°F
I T T R S 10
100 200 300 400 1 1 1 l(l)ol 1 1 1 2(I)OI 1 1 1 3(I)OI 1 1 1 4(')0
Energy (eV) E,, values indirectly determined Energy (eV)
—_ from experimental and theoretical —_
E,~39eV « " A, E,~48eV

resultsin this study.



Cathode Dimensions Required with and without a
CEX i1on population to provide 100 mA and 100 hours of life

Maximum operating voltages and corresponding Mo cathode array size required to emit 100 mA
for 100 hours (DI<10%), both with and without a CEX ion population. Estimates based on

experimental and theoretical results.

f.(&) bead). r,(A) r(A) Ds V(M) Ny, (M) I (M) Siz (o)
Mo 4.41 0.1974 2000 404 198 43 1.3x10® 108 107 8.12
Mo 4.41 0.1974 1000 404 198 42 1.4x107 105 101 0.88
Mo 4.41 0.1974 1000 30 198 42 1.2x10° 108 107 0.075
Mo 4.41 0.1974 2000 404 1 43 6.5x10" 107 106 4.06
M o 4.41 0.1974 2000 30 198 43 7x10° 100 95 0.44
MQg, 441 0.1974 2000 404 1.98 20 4.5x10" 108 101 2.8x10°
MQg, 441 0.1974 1000 404 1.98 20 4Ax102 104 08 2.5x10°
MQg, 441 0.1974 1000 30 198 20 3x10* 107 101 1.9x10*

Packing density of this array is 16,000,000 tips/cm?.

Thistable shows how the CEX ion population limitsthe V and the necessity
of CLAIR to shield the cathode from the CEX ion population if Mo cathode
dimensions are to be compatible with EP systems!!



Cathode Dimensions Required with and without a
CEX lon Population to Provide 100 mA and 100 Hours of Life

Maximum operating voltages and corresponding Si and HfC cathode array size required to emit
100 mA for 100 hours (DI<10%), both with and without a CEX ion population. Estimates based
on experimental and theoretical results.

fu(e) ;&) r(A) Ds V(M) N L (M) (M) Sz (o)

tig

4.0 2000 404 52 6x10° 105 104 0.04

4.0 2000 404 52 1.2x10° 106 106 0.08
30 8.3x10° 109 101 519

30 2.6x10® 100 92 16.25

S
S
S., 40 2000 40.4
S., 40 2000 30
S

lex 4.0 1000 404 30 2.9x10° 109 102 18.12

HfC., 3.3 1000 40.4 30 3x10° 106 100 0.19

N DN DN N N DN P

HfC., 3.3 2000 40.4 30 4.6x10" 105 100 2.88

Packing density of this array is 16,000,000 tips/cm? and b_is 0.26

Thistable shows the danger of the CEX ion population and the necessity of a
CEX ion filter (CLAIR) if Si cathodes areto be used in EP systems.
Thistable also shows that HfC cathodes may not require CLAIR even when a
CEX ion population is present!



Cathode Lens and Ion Repeller (CLAIR) JPL

‘J'n.',:".i{

dy vz o

dyryy —

-1 pm —

CLAIR configuration

j—— ~1.2 um

Function of CLAIR
1. To de-couple electron energy from gate
electrode potential to increase space-charge
current limit without reducing cathode lifetime.
2. To shield the cathode microtips from the
CEX ion population so that higher gate electrode
voltages are tolerated with the required
lifetime and smaller cathode dimensions.

Possible CLAIR parameters to decelerate the electron beam, focus it through
the electrodes, and shield 65 eV ions from the cathode microtips.*

V. V, vV, V, V; dgivl dvii2 dv2iv3 t, t, ty
V) (v) v) (v) (v) (m) (mm) (m) () (mm) (mm)
-40 10 -10 100 -20 04 0.8 0.8 0.1 0.3 0.25

*CLAIR performance was validated using PIC code MAGIC!



Sheath Model Used to Study
Space-Charge Current Limitations Jpl‘

c /]

Fo -4...... | I'sh

Fe . sheath cathode " Jeheath

Possible sheath profile. Possible sheath configurations.

Char dersticsof theplasma envonmes i nvieged.

Ne(/C ) T (&) |p(mm)
Hal/l orthruter sifle 8x10° 5 0.60
Hal thusércetef 8x10% 1 0.03
lorenginescharge chamb@x10™ 2-3 0.02

Tethreda 250 km 5x10° 0.1 3.3




Sheath M odel

JPL

Poisson’s Eqn. describing potential
distribution in the sheath:

d(-f) _r

= nl nee_
dXZ e) eo( ne)
Charged particle number densities:
1
& 07 &
n = nogl f_B Mo = Neo &P kT g
Normalized parameters:
_ ef X & KT O
h=— X = — | D — 2:
KT, | o N, @

[MoMmenciature

n.=electron number density for population
emitted from the cathode.
n.=plasma electron number density
n.=plasmaion number density
n. =plasmaion number density at the sheath boundary
h=potential
| ,=Debye length
T =electron temperature

I\)ll—‘

nee——eeom(v wf o)
s
@k 01/2 Jee

%7@‘ T :j_e

Normalized form of Poisson’s eqn. describing the planar sheath

d’h &

vl 3.0, +n.)> §1+—

10se h02

- Jee@ - h)-; - exp(- h)




Sheath M odel SJPFPL

Andrews and Allen criterion at the sheath boundary used to determine the
accelerating potential of the pre-sheath:

dr 1+, (h, +h)
ah| _

- I +h)
Boundary Condltlonsm the planar model
—X(h =0)=0 2)h(x=0)=h,

Poisson’s eqn. for potential distribution in a spherical cathode sheath

=0 ho

d'h  2dh __
dx? x dx )
8,200 02520
é1+Jee(h +h) g e h; ﬁ;- J. b, +h, h) gx -exp( h)

Boundary conditionsin the spherical sheath model:
— _ dh
1) hx=x,)=0  2) T x=x,)=0



Sheath M odeling Results

JPL

Space-charge current limits estimated by the planar sheath
model for thruster and tether environments.

N (/00) To(eY Vg(V) fe(M) Jooma (MA/ 017

Hal thusér-kle 8x10° 5 500 20 160
8x10° 5 100 20 68
8x10° 5 30 20 34
8x10° 1 30 20 17
Hal thusér-cear 8x10° 1 30 20 1,700
8x10" 1 100 20 2,884
lorengine 310" 2 30 20 8,800
Tethe 5x10° 0.1 30 20 0.003
5x10° 0.1 100 20 0.005
5x10° 0.1 1000 20 0.016
5x10° 0.1 30 100 0.002

* sheath near a tether may not be planar



Space-charge limited currents predicted by the planar,
cylindrical, and spherical sheath modelsin non-dimensional units.

gemety X. Xy h. hy hy Jeem &
p lan & 200 4 6 085 20
cyindcal 40 540 4 6 087 29
cyindcal 20 320 4 6 087 35
cyindcal 10 194 4 6 0.85 4.0
cyindcal 1 94 4 6 081 17.0
cyindcal 1 184 20 6 055 9.8
sphacal 40 486 4 20 134 310
sphacal 40 470 4 6 1.34 6.5
sphacal 20 270 4 6 122 7.4
sphacal 10 170 4 6 1.10 9.9
sphacal 1 6.8 4 6 0.76 70.0
sphacal 04 54 4 6 0.65 168.0




Michigan

Space-Charge Current Limits for
Spherical Sheaths in Tether Environments Jpl‘

Model results show effect of cathode parameters on current limits
e Cathode dimensions

» Electron energy

» Cathode potential

Xe  Xq h h, h, Jeemax X, rdmm V. (V) V,(V) l.(mA)
5 100 200 300 0.52 430 5 165 20 30 7.0

1 97 200 300 0.52 8650 1 33 20 30 5.6

1 104 200 1000 0.52 18400 1 33 20 100 12

1 109 200 10000 0.53 63550 1 33 20 1000 414

1 100 100 300 0.53 4925 1 33 10 30 3.2

1 37 50 300 0.55 2750 1 33 5 30 1.8

1 38 50 1000 0.56 5350 1 33 5 100 3.5

1 1

385 50 10000 0.56 17400 3.3 S 1000 114




1.
2.
3.
4.
5.

Research Conclusions SFPL

FE cathodes can operate in environments similar to Hall and ion thruster environments.
I, does not increase from Xe exposure for Mo, Si or C.

Carbon film cathodes are incredibly robust, but need to operate at higher efficiency.
FEA cathodes are very sensitive to v, In xenon environments.

FEA cathodes can operate below voltage threshold in xenon environments without
getting damaged.

6. Performance degradation model results are consistent with experimental results.

7. E,, for sputtering Mo is estimated to be ~39 eV and Si is ~45 eV when bombarded

by Xeions!

CEX ion population will be incredibly detrimental to FEA cathodes used with thrusters
unless operated at ~20 V below E,, for sputtering!

Sheath and performance degradation models can be used to design Mo and Si cathodes
for electric propulsion applications.

10. Compatibility of FEA cathodes could be significantly improved with CLAIR by

shielding the cathode from CEX ion bombardment, allowing higher operating voltages
to reduce the size of cathode arrays required for the desired current, and to de-couple
electron energy from the gate electrode potential to increase space-charge current limits.



Recommended Future Work

Test HfC, ZrC, Mo, and Si cathodes with current limiting(VECTL)
architectures.

Acquire and test cathodes with >100,000,000 tips and smaller dimensions
(r,~0.2 um)

Determine E, for sputtering HfC and Zr C with xenon ions.
Develop new Hall thruster and start-up sequence.

Develop cathode structure with CLAIR.

Get microtips deposited into CLAIR structure.

Help miniaturize the carbon film cathodes to decrease operating
voltages to 20-50 V and increase efficiency by microfabricating gate
electrode blank structures.

Conduct current sharing experiments with a Hall thruster and hollow
cathode.

Study space-charge limited emission experimentally.
Study the cathode sheath structure experimentally.
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