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The Lunar Plasma Environment

 The lunar surface is
directly exposed to
the solar radiation
and solar wind
plasma

* Leading to
electrically charged
dust grains and
lunar surface

Solar Wind lons

Photo Credit: NASA



The Lunar Dust Problem

« Charged particles attach to
iInstruments/spacesuits/vehicles which

could generate issues leading to:
* risk of instrument failure and
 threat to astronaut’s wellbeing

 Mitigating the lunar dust and threat of
electrostatic discharge becomes a priority

Photo Credit: NASA
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What do we know about the natural
electrostatics environment on the moon?

« The particles are good dielectrics (permittivities between 2-3) and resistivities (p above 10'3 Qm) and are
most likely charged (positive and/or negative) or net zero total charge (bipolar). No such thing as
uncharged patrticles.

» The surface of the moon is also a dielectric (no electrical ground)
 Very, very dry — no moisture to allow for charge decay (1 = RC = peg,).

» The allowed electric field is much higher than the Earth and Mars. Charge levels on particles can reach the
maximum electric field of the environment.

E_Moon >> E_Earth >> E_Mars
108 V/im >> 108 V/m >> 104 V/m
Field Emission >> Air Breakdown >> CO, at Paschen minimum

» Natural Environmental Charging could result in surface potentials as high as —4 kV in shadowed and
ambipolar regions (H. Hodes, 2021).

« Artemis Missions are planned for the South Pole!
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The Induced Lunar Environment

» The triboelectric effect: electric charge transfer
between two objects when they contact or slide
against each other

Lander

Lunar Surface
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What if an astronaut touches this?

Capacitance ~ 100D in pF

(where D is in meters)

Starship is about 120
meters tall thus C ~ 12 nF

We have the capacitance
but what about the
voltages?




Best Practices for ESD Avoidance:

1) Have part of human system in sunlight
2) Have human system in high plasma density flow
3) Stay away from shadowed regions (like the South Pole!)

Photo Credit: NASA
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AND..... LEDM!

The Lunar Electrostatic
and Dust Mitigation Tool
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LEDM Overview

Three core tool functions:

1.Dust removal

2.Charge removal
 Astronauts will remove dust and neutralize electrostatic charge from materials in
a lunar environment
3. Electrometer

« Measure voltages on a target surface to tailor the high voltage waveform output
to create the neutralizing plasma

« Check the surface voltage after cleaning to confirm charge neutralization
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LEDM Breakdown
* Nitrogen gas

10
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Gas Breakdown and High Voltage Waveform

« At 10 torr, the nitrogen ionizes at a minimum voltage of:

*+600 V
«-400 V

LEDM High Voltage Waveform
2500 . T T T

2000

1500

1000 r

500

Voltage (V)

D_

-500

-1000 r

Duty Cycle = 75%

-1500

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

2025 Joint Conference on Electrostatics, St. Catharines Ontario, Canada, June 22-26

0.8




Demo 1 Unit Overview

Demo 1 Design without housing Demo 1 Design with housing (and Joe)

Tool Mass: 15 |bs.

Dimension: 60”x35”x25”

Power: External benchtop power supply.
Gas: Air.

Gas supply: Shop air.

Gas pressure: 40 psid.

Pulse time: 1.0 second.
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Demo 2 Unit Overview

, Pressure Transducer
Solenoid

. = — Electronics Box

REQUIBOT 10 75 s s b~ Gas @ 3000 psig
e -
I\
Pressure Relief Valve < u—— %
Manifold Regulated
to 800 psig

Handle Storing

Demo 2 Design without housing
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> Compressed Nitrogen

Tool Mass: 4.8 |bs.

Power: Battery powered.

Estimated battery life: 13 hours

Gas: Nitrogen stored at 3000 psi.

Gas per pulse @ 75 psid: 0.73 g.

Gas per pulse @ 35 psid: 0.39 g.

Maximum # of shots @ 75 psid: ~70 shots.
Maximum # of shots @ 35 psid: ~130 shots.
Pulse time: 0.4 second.

Discharge time scale: ~1 to 2 seconds.

Tool effective distance: 4” to 8”.

Surface potential neutralized in one pulse on
insulators: 1200V

Current TRL: 4

13



JSC Testing Summary and Results

Demo 2 mounted to
Modified Robotic Arm
with protective suit

"
A\
N
A

. | 1 !
o= ! | =5k

JSC 15’ Dirty TVAC Testing with 9 test articles,
robotic arm and Demo 2

After
Cleaning

Leg Simulator with ~2.3
grams removed

Leg Simulator with
ESTA 15’ TVAC Chamber with hatch closing ~10 grams of Simulant



LEDM Demo 2 Clearing a GoPro at GMRO’s Big Bin




Ground Prototype

High voltage
feedthrough

Nozzle Manifold Electronics package

Display screen

Electrometer
board

LEDM nozzle )
Trigger

Dust flow solenoid

Battery pack

lonization flow

solenoid
Storage tank
Pressure
transducer
15t Stage
2"d Stage Regulator
Regulator
Burst disc Ground Prototype CAD

Fill Port & Tang Guage
(not yet modeled)

Tool Mass: 7.2 |bs.
Power: Battery powered.
Estimated battery life: 13 hours (for continuous use).
Gas: Nitrogen stored at 3000 psi with option of 4,500 g
Gas amount per pulse @ 75 psid mode 1: 0.62 g.
Gas amount per pulse @ 75 psid mode 2: 0.85 g.
Maximum # of shots @ 75 psid mode 1: 85 shots.
Maximum # of shots @ 75 psid mode 2: 62 shots.
Discharge time scale: ~1 to 2 seconds.

Tool effective distance: 4” to 8”.

Surface potential neutralized in one pulse on insulators:
+ 1200V

Current TRL: 4

Changes from Demo 2 unit:

* Removed tank manifold and replaced with COTS
pressure regulator.

* Added a dual gas stream nozzle manifold to enable fast
dust removal and slower ionization gas flows.



Ground Prototype

Dust flow solenoid

Difficulties in lonizing the high gas flow resulted in Demo 2 changes:

e Two separate flow streams for dust removal and ionization instead of one.
Nozzle Exit * Two solenoids to control the dust and ionization stream independently.

e Orifice in the ionization line to improves surface charge neutralization.
Pressure .
transducer Operatlonal MOdes:

Orifice Power Off

Power On
. * Electrometer Readings - Continuous
lonization flow . )
solenoid * Electrometer Zeroing - Selective

2nd Stage Dust Removal Only
Pressure * Single Shot — Trigger pressed and released
Regulator * Repetitive Shot — Trigger held down

lonization Charge Removal Only
Stream * Single Shot — Trigger pressed and released

Dust removal stream

Burst disc Dust/Charge Removal

Ground Prototype CAD * Automated operation — Trigger pressed and released




Suited up LEDM Ground Prototype Handling
at JSC’s Neutral Buoyancy Lab

()

Video by NASA Johnson Spaceflight Center's EMU Team.







LEDM Ground Prototype lonization
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Future Plans

o Secure funding for FY26 for Ground Prototype (in progress)

You are
* Planned Environmental Testing at MSFC PLANET P dirty! Let
* Charge neutralization during dust operations me clean

* Neutralization of space charge environment
* Dust testing on more relevant test articles
* Further optimization of tool parameters

« Discussion and Development of Flight tool

« Aggressive environmental campaign (JSC/KSC/MSFC)
» Testing at NBL

 GFE on Artemis Il
« Addition of data storage for Artemis Il
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Any Questions?

NASA Kennedy Space Center
Electrostatics and Surface Physics Lab
david.c.lund@nasa.gov



Backup
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Air lon Transportation

Air lons are typically moved by two fundamental methods:

1. Electrostatic force from an electric field (attraction and repulsion).

2. Mechanical force from being entrained in an airflow.

* 1st method uses the electrostatic force developed by the electric field of the charged item itself to
move (repel or attract) ions from the ionizer, whose field also moves the ions to the charged item.

» This method requires to be placed near the item to be neutralized so that the electric field from the
charged object can interact with the ionizer.

« 2"d method is to entrain the ions in a moving airflow and physically move them to the vicinity of the
charged item where electrostatic forces take over to perform the neutralization.

» This method typically allows the ionizer to be placed at a distance from the charged item, with the airflow
from the ionizer or the ambient airflow directed onto the item.
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Dust Removal Test Result Summary

* Determined the impact of test parameters on dust removal efficiency.
* Dust loading/concentration
* Application method
» Gravitational settling (sieve)
* Mechanically pressed in
* Tool’s area of effectiveness

* Distance between the nozzle to the target
* Nozzle angle
* @as pressure
e Simulant type
e JSC-1
e LHS-2
* OPRH3N
e Test article profile * Test article materials
* Boots * Ortho-fabric
* Gloves e Beta-cloth
* Leg * Metal backed insulator [E]
* Flat panels * Bare metal
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Tool under test

Space suit fabric material

Field meter

Charging nozzle
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Charge Neutralization Test Setup (Conductor)

Floating conductor

Tool under test

Charging cable connected to
an external power supply

Field meter —




Dust Removal Test Setup Ortho fabric

Tool under test

Ortho fabric




Demo 1 and Demo 2 KSC Testing Summary

« COTS system metal plate charge removal testing (220)
« Demo 1 ortho fabric charge removal testing (630)

* Demo 1 ortho fabric and beta cloth dust removal testing (20)

« Demo 2 metal plate, ortho fabric, and beta cloth charge removal
testing (400)

* Demo 2 metal backed insulator charge removal testing (20)

* Demo 2 ortho fabric dust removal testing (80)




Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Area of Effect Dust Testing

« 7-8 g of dust loading with seven distance/angle configurations tested for dust removal area of effect
* Angles: 20, 45, and 90 deg
* Distances: 4, 6, and 8 in

» Geometric patterns deduced from post-op imagery to characterize gas flow cone
» Post-op images were separated into effective clearing regions to determine the most effective areas for dust removal
» Dust removal efficiency also captured for correlation to area of effect

4 90 15.9 73.3
6 20 143.6 87.3
6 45 166.34 84.5
6 90 41.88 78.7
8 90 41.59 78.3
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» Six grams of dust loaded onto a 14" x 6" area on an ortho fabric sample and mechanically pressed into the

Mechanically Applied Dust Removal Testing

fabric with weights ranging from 0.44 — 45.59 Ibs.
« Weight application areas ranging from 1.18 — 4.27 in?

» Each test conducted with a nozzle pressure of 60 psid (not 75 psid) and in a configuration 9 in away from the target with a 20 deg
angle of attack

» Excess dust not pressed into the fabric was removed before testing

* A 419 |lb. astronaut standing with two boots on
the lunar surface applies ~0.578 psi of pressure

100 [

a0
‘ Removable
80 Non-Removable

70 -p'('-' S LIt .
60

50 \ JSC Dust Deposition

40
30
20
10

0

Dust Removed (%)

0 2 4 6 8 10 12

Pressure of Mechanical Loading (psi)
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Preliminary Ground Prototype Force Measurements

+ New designs required Force measurement testing to ensure the dust

removal efficiency would remain unaffected.

o Verified changing the flow path from a straight path (Demo 2) to a 90° angle (Preliminary

Ground Prototype) would not change dust removal force

400
350

NN W
o U O
o o o

Force (ozf)

150
100

Demo 2 vs Preliminary Ground Prototype
Force Mesurements

60
PSID

® Preliminary Ground Prototype
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Variable Distance, Angle, and Pressure Dust Testing

24 Test Combinations

Pressure (psid) = Distance (in) | Angle (deg)
55 6 10
75 9 20
- 12 30
- - 45

Mass Percent Removed at Various Pressures, Distances, and Angles

80 -
75
70 4
65 -
60
55
50

Mass Percent Removed (%)
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30

Angle (deg)

20
10 6

B 55 PsiD 80 -
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[44] [=2]
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ri L

Mass Percent Removed (%)
g
£
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)]

9
9
20

. . 12
Distance (in) Distance (in) 10

*Area of effect calculation not taken into consideration for dust removal efficiency percentage
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Preliminary Ground Prototype Shot Count

3,000 psi and 13 in3 COTS tank

+ Dust removal only shots at 75 psid: 85

+ Combination (dust & ionization) shots at 75 psid: 62

+ Methods to increase shot count include:
- Refill tanks in situ
- Switch out tanks
~Use of a Larger overall tank
—Use of a High-pressure tank (e.g. COPV)
—Decreased gas pulse duration

— Lower overall nozzle pressure

Nozzle Dust Pulse lonization Pulse
Pressure Duration (ms) Duration (ms) Count

(PSID)
75 400 800 62
75 400 85
55 400 800 77
55 400 113
45 400 800 99
45 400 152




Gas Flow Reduction for Charge Neutralization

Tested 3 orifice sizes to reduce the gas flow for charge neutralization. [0.016” 0.025” 0.036”]

0.025” opening provided the best surface potential reduction.
Average initial surface potential: -850V

Average surface potential reduction: 800V

Surface Potential (V)

0.025" Orifice

M Initial Surface Potential

400
200

B Surface Potential After Pulse

0
-200
-400
-600
-800

-1000
-1200
-1400
-1600

Run Number
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Test nozzle w/__

orifice

Static meter




LEDM Test on Solar Cell Glass

Transmittance before dust deposition and
after dust removal
100 |
'L ‘ =7 ¥ .- = et ot | i R 5o |
a0 F |- S——- ]
' |
80 | * ‘
TO T ,
B0 |
50
40 r
30 r
20r
— Pristing
10 F —— Claarad
E] Diuested
:%‘I'k.'] 300 400 500 GO0 TO0 BOGO 800 1000 1100 1200

LEDM removing LHS-1 lunar simulant from solar cell cover glass 6
inches away and 19°angle of attack loaded with 4 mg/cm? of
simulant under high vacuum conditions
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Non-conductive

New Single Piece Nozzle Design B
Compression Fitting

i -LiI] h\\.;}'\
o B Ll

Sl S ) S

=) |V
B~ | Single Piece Nozzle Manifold (aka Fanidolm)

Electrometer Board

Copper Ring e 'x\

Nozzle

Leak Paths

2025 Joint Conference on Electrostatics, St. Catharines Ontario, Canada, June 22-26

Power Feedthrough

Tungsten Electrode

Electrode Collet



FEMM Modelling

Modelling is useful Many models can

for exploring potential E:-e #Eﬁm
hazards « COMSOL
+ 02 leak locations « EMA-3D

« Dust deposition
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Grounded
Helmet

10 kV on

Electrostatic Potentials

Grounded
Helmet

Electric Fields

2025 Joint Conference on Electrostatics, St. Catharines Ontario, Canada, June 22-26

2.250e+004
2.100e+004

1.050e+004

2.850e+004 :
2.700e+004 :
2.550e+004 :
2.400e+004 :

=>3.000e+004
2.850e+004
2.700a+004
2.550e+004

¢ 2.400e-+004
» 2.250e+004
1.950e+004 :
1.800e+004 :
1.650e+004
1.500e+004 :
1.350e+004 :
1.200e+004 :

2.100e-+004
1.950a-+004
1.800e+004
1.650e+004
1.500e+004
1.350e+004

1 1.2008+004
9.000e+003 :
F.500e+003 ;
6.000e+003 :
4.500e+003 :
3.000e+003 :
1.500e+003 :
«1.491e-009 : 1.5008+003

1.050e+004
9.000e-+103
7.500e+003
6.000e+003
4.500e+003
3.000e+003

Density Plot: |E], Vim




L3V 0V Black Anodize Al |-

High vacuum - 060V OV Clear Anodize Al |-
“{ OV QVy Chromate Al | 1™
(> 60 hr outgas) 1150 V -6010 V Ortho [,1770v 340V FEP Taflon VDAL
[Black Anodize All<200Y -2000V, (EMU) N |
: <2200 Y 10.39Q omex
Clear Anodize Al < QY =910V, White sice | <8000V 1270
| Chromate Al T Teflon/Beta
TFEP Teflon VDAL
| NE l > Ortho
OmeEX
£300Y 6300 Y ST T
Teflon/Beta
Orth
J 0V 0V, Black Anodize Al [
£ {glove shell) Y QY )-| Chromate Al |—
1 L <Y OV,[FEP Teflon VDAL
J_— : L0I0Y 5300V, Nomex |
Qv Qv
— (Each grounded) * >__Teflon/Beta
<800Y OV, Rlack Anodize A <0V 2130V,
oy 0Y. =
[FEP Teflon VDAY | €22 —2Es Chromate Al < >
FEP Teflon VDAL Hbmex

Nc:me::{ |,EZZD_‘|.’_5_‘HJ_‘L)

2025 Joint Conference on Electrostatics, St. Catharines Ontario, Canada

, June 22-26




Charge Equivalent Circuit

\ On surface, now add dynamic terms to
lasma current balance:

« Moving over surface creates a tribo-
electric source of charge, S(t)

9 lams » Surface ‘ground’, but the Moon is a
very poor conductor (in shadowed
regions can be as low as 1017 S/m)
[Carrier et al., 1991]

+ On dayside, photoelectrons and solar
wind ions provide a good ground. The
medium is conductive.

« Problem areas: Nightside and
shadow — no photoelectron currents,

Tribo-Electric
Current Sau

ez, A and have reduced plasma currents
b SR,
S(t} + Igmund + Iphntoelec + Ielec+ Iicrn + Isecnndaryelec= dQ/dt
AN
Psutace - Ground to the local plasma, and not to ‘surface’ ground

Farrell et al, 2008
Jackson et al.. 2011
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Dust Mitigation Taxonomy

Dust Generation Passive Dust Active Dust Dust Tolerant
Avoidance Mitigation Mitigation Design

Regolith Conveyance Coatings & Finishings Mechanical Removal Linear Joints
E.g., Enclosures/movable barriers E.g., Lotus leaf coating, ESD coating E.qg., Brushing, vibratory E.g., Ceramic linear bearing
*Add electrostatic
Regolith Processing Barriers & Seals Fluidal R | Rotary Joint
i arrier ea uidal Kemova otar oints
& Deposition y
E.g., Minimal drop distance E.g., Boots/bellows E.g., Pressurized gas E.g., Ceramic rotary bearings
System Travel Electromagnetic
. Filters Connectors
(driving) Removal
E.g., Sintered roads, drive slowly E.g., HEPA filters, simple screens E.qg., Electredynamic dust shield E.qg., Dust tolerant connectors
Kevin M Cannon, Christopher B Dreyer, George F Sowers, John Precipitation

Schmit, Thao Nguyen, Keoni Sanny, and Joshua Schertz. Working
with lunar surface materials: Review and analysis of dust mitigation

and regolith conveyance technologies. Acta Astronautica, 2022. E.g., Electrostatic precipitator, water
.y i
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Surface Plasma Estimates

Table 1
Electron, ion and secondary electron currents for various lu

regions.at the v

Current / Day \ Term / Night \ Crater c“nducﬁng —
J. o (Afmf) 1107\ 3.52 % 10/® 4 x 1074 5.1 x 10~1° gion -
Ji—ens (A/mf) 32107 3.52x 147* 4 x 107'9) 1.6 x 107" v
Ty ens (Afmf) 0 0 4x107' 51 %1071 .
Jpeny (AfmY) 4x10°°/ 0 0 0 "
\_/ v | Z Insulating
~5 LA/m? ~0.8 nA/m> : | Region

Jackson et al., 2015
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