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Membrane space structures provide a lightweight and cost effective alternative to traditional

mechanical systems. The low-mass and high deployed-to-stored volume ratios, allow for larger

structures to be launched, expanding on-orbit science and technology capabilities. This research

explores a novel method for deployment of membrane space structures using electrostatic pressure

as the inflation mechanism. Applying electric charge to a layered gossamer structure provides

an inflationary pressure due to the repulsive electrostatic forces between the charged layers. The

electrostatic inflation of membrane structures (EIMS) concept is particularly applicable to non-

precision structures such as sunshields or drag de-orbiting devices. This research addresses three

fundamental topics: necessary conditions for EIMS in a vacuum, necessary conditions for EIMS in

a plasma, and charging methods.

Atmospheric and vacuum demonstrations show that less than 10 kiloVolts are required for

electrostatic inflation of decimeter scale membrane structures in 1-g. On-orbit perturbation forces

can be much smaller than the limiting 1-g, suggesting feasible voltage requirements. Charge distri-

butions are numerically determined for the different configurations enabling a relationship between

required inflation pressure (to offset disturbances) and required voltage. It was found that 100’s of

Volts are required to offset orbital pressures to maintain inflation in geosynchronous orbits (GEO)

and a few kiloVolts in low Earth orbit (LEO).

While GEO plasma has only a small impact on the EIMS performance, Debye shielding

at LEO reduces the electrostatic pressure. Through numerical simulation, it is found that the

classic Debye shielding prediction is far worse than actual shielding, raising the ‘effective’ Debye

length to the meter scale in LEO as opposed to centimeter levels, aiding feasibility of EIMS in

LEO. Interesting electro-mechanical interactions were discovered between EIMS and the charge
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flux which are concluded to be a result of coupling between changing electrostatic fields and the

flow of electrons, though the structure remains inflated.

Charged particle emission and remote charging methods are explored as inflation mechanisms.

Secondary electron emission characteristics of EIMS materials were determined experimentally.

Nonlinear fits to the Sternglass curve determined a maximum yield of 1.83 at 433 eV for Aluminized

Kapton and a maximum yield of 1.78 at 511 eV for Aluminized Mylar. Remote charging was

demonstrated to -500 V with a 5 keV electron beam. Charge emission was also determined a

feasible charging method, with power levels below 1 Watt in GEO and from 10’s of Watt to a

kiloWatt in LEO.
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Chapter 1

Introduction

1.1 Motivation

Gossamer spacecraft structures have enabled consideration of much larger and lower mass

structures on-orbit than traditional mechanical systems allow. The low-mass and high deployed-

to-stored volume ratios help expand on-orbit science and technology capabilities in a wide range of

applications. Gossamer is a general term for several classes of space structures, such as expandable

composite booms [3], membrane sails [4], inflatable solar arrays [5], or space habitats [6]. Here, a subset

of gossamer structures, inflatable structures, is considered for which many different applications

have been explored and a select few have been successfully employed in space.

Examples of early work on inflatable structures include the development of the mylar ECHO

balloons in 1958 at NASA. The ECHO I sphere, which was launched in 1960, successfully served as

a communications reflector in space for several months [7]. L’Garde Inc. made early contributions

to the field of deployable technology, including the support for NASA to the launch an inflatable

antenna from the Space Shuttle [8], shown in Figure 1.1(a). An example of present day inflatable

gossamer structure research is the Global Aerospace’s Gossamer Orbit Lowering Device (GOLD)

concept for drag augmentation devices for satellite de-orbit, as illustrated in Figure 1.1(b). The

variety in applications of these inflatable structures demonstrates a broad utility of lightweight

technologies.

Common methods for deployment of inflatable gossamer structures include inflation via pres-

surized gas from tanks, sublimating chemicals, or evaporating liquids [9]. This research explores a
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(a) L’Garde gas inflatable antenna experiment demon-
stration (lgarde.com)

(b) GOLD Gossamer Orbit Lowering Device concept
(gaerospace.com)

Figure 1.1: Examples of inflatable gossamer structures in recent research

novel inflation method for a membrane space structure which uses electrostatic repulsion to create

inflationary forces. Applying absolute electric charge to a layered gossamer structure provides an

inflationary pressure due to the repulsive electrostatic forces between the charged layers, as per

Coulomb’s law. The electrostatic pressure inflates the membranes to a stable structure, much like

inflation of an airbag with gas. The separation distance due to inflation of the membranes can be

constrained by an internal membrane structure. In contrast to gas-inflated structures, the electro-

statically inflated membrane structure (or EIMS) does not suffer from sensitivities to membrane

punctures from orbital debris and micrometeorites or the requirement to be a closed structure.

The membrane structures considered for EIMS are open-ended membrane structures resembling in

one configuration the ribbed, open structure of a ram-air parachute than that of a fully enclosed

balloon. Electrostatic inflation of a membrane space structure is illustrated in Figure 1.2.

The electrostatic inflation concept is particularly applicable to non-precision structures such

as sunshields or drag augmentation devices for de-orbiting and space debris avoidance purposes.

Further, Tripathi discusses in Reference 10 using large, charged space structures to perform active

radiation shielding to protect humans during space flight. Here, the EIMS concept would enable

novel structural solutions where charging is used both for active radiation shielding as well as
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Figure 1.2: Illustration of Electrostatically Inflated Membrane Structure (EIMS) concept

providing lightweight membrane structure shape stability. Application of the electrostatic infla-

tion concept for these and other space apertures presents the potential to significantly decrease

overall mass, while reducing the associated deployment-oriented power and packaging volume for

lightweight deployable structures. A large ratio of deployed volume to stowed volume is very ad-

vantageous, especially in highly volume-constrained spacecraft such as Nanosats or CubeSats.

There are many challenges, however, associated with electrostatic inflation. The challenges

range across many fields of engineering and science, thus requiring a broad spectrum of research to

address even the most fundamental challenges. Some of the top-level challenges include:

· Space plasma interactions such as Debye shielding which weaken electrostatic forces

· Modeling plasma conditions and the interactions with changing charge distributions on

moving structures

· Non-linear structural modeling of thin membrane materials coupled with the electrostatic

solution

· Requirement of microgravity and a plasma chamber for realistic testing environment

· Material challenges including membrane wrinkling and tearing



4

The contribution of this research is to address the most fundamental questions related to the

concept of electrostatic inflation. As there does not exist literature beyond conceptual discussion

of electrostatic inflation, a multitude of avenues for research exist. There are many topics which

remain to be answered in future research.

1.2 Electrostatic Inflation of Membrane Space Structures

Electrostatic inflation is a novel method for the deployment and shape maintenance of gos-

samer spacecraft structures. The pressure for deployment or maintaining a desired shape is pro-

vided by repulsive forces between electrostatically charged layers of membrane materials. This is

illustrated in Figure 1.3 for one of the shape concepts explored within the scope of this research.

electrostatic
 repulsion

Potential
 Activation

conducting 
membranes

(assume rigid)

Collapsed 
Initial State

Electrostatically 
Inflated

internal 
ribs for 
tension

Figure 1.3: Simplified open-ended membrane rib structure undergoing electrostatic inflation

In contrast to many membrane space structures, no external tensioning system is required.

The electrostatic pressure is envisioned as the sole mechanism to deploy the structure from a com-

pact stowage for launch and maintain a desired, functional shape. Before changing the electrostatic

potential of the membrane structure (through mechanisms such as charged particle emission or a

remote charging beam), there is no stiffness to the body to maintain a desired shape. When the

absolute potential has been raised, the electrostatic charge distributed across a layered structure re-

sults in electrostatic forces acting between the layers of the conducting material. These forces result

in inflation pressure, similar to gas inflation, to unroll, unfold, or inflate a membrane structure.
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Membrane materials have proven to be challenging for precision spacecraft applications and

an external tensioning system may be required for precision applications (such as a mirror or

antenna). The electrostatic inflation concept with no external tensioning, therefore, is most appli-

cable to non-precision structures such as sunshields or drag augmentation devices for de-orbiting

and space debris avoidance purposes. These applications do not typically have requirements for

surface accuracy, they simply require a large surface area to increase drag or block solar radiation.

EIMS can provide an extremely lightweight and compact method to enable these types of large

structures on-orbit.

1.2.1 Prospects

The electrostatic inflation method benefits from many of the same advantages of a traditional

gossamer system, particularly mass and volume savings. These two parameters (mass and volume)

are top system drivers for designing a spacecraft. [11] Mass and volume savings in the structural

subsystem of the spacecraft allow for larger spacecraft components and instruments to be packaged

for launch, and having larger apertures on-orbit is critical in many science and engineering scenarios.

For science purposes, larger mirrors on telescopes allow imaging objects at greater distances, solar

sails can achieve further distances due to the larger surface area, and larger sun shields can allow

larger instruments that need to be kept cold for operation. [2] For engineering, larger solar arrays

generate great power and larger antenna enable high communication rates or communication over

larger distances.

The cost of launching to orbit is $4,440 per pound to low Earth orbit and $17,032 per

pound to a geosynchronous transfer orbit (on average over the last decade for a Western launch

vehicle). [12] Due to this steep cost, it is critical to reduce mass wherever possible on a spacecraft

system. The mass savings from employing an EIMS system comes from replacing traditional solid

spacecraft parts with electrostatic inflatable structures. The James Webb Space Telescope (JSWT),

for example, has a large sunshield to cool the instrument which requires booms, spreader bars, and

cabling to deploy and tension the system [13]. The sub-components account for the majority of
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the mass of the sunshield system, as the shield itself is extremely lightweight aluminized Kapton.

Aluminized Kapton or aluminized Mylar are the materials which will be used for electrostatic

inflation. The materials are extremely thin, on the order of tens of microns, therefore do not add

significant mass to the system. Elimination of the deployment and tensioning mechanisms and

replacement with electrostatically inflated structures could significantly reduce the overall mass of

a subsystem such as a deployable sunshield.

Even the largest launch vehicles, such as the Atlas V and the Falcon Heavy, are highly volume

constrained with only 4.57 and 4.60 meters (respectively) of usable diameter [14,15]. Any spacecraft,

therefore, that has an on-orbit configuration larger than these restrictions must have some form

of a deployment mechanism. Traditional deployable gossamer structures offer volume savings but

often require an external tensioning system, such as the JSWT system. EIMS does not require an

external tensioning system, which provides further mass savings and also allows more flexibility

in the packaging of the structure, helping to meet tight launch volume constraints. Laboratory

demonstrations of electrostatic inflation showed volume expansion in prototypes of multiple orders

of magnitude.

1.2.2 Challenges

There are many challenges associated with gossamer structures in all phases of design, build,

test, and flight. The gossamer materials which are considered for EIMS (metal coated polymer

sheets) are extremely thin and delicate materials, causing challenges from structural modeling to

handling and packaging. On-orbit, EIMS can suffer from interactions with the space plasma and on

the ground, inflation is extremely inhibited by gravity. Some of these challenges are addressed in

this research and are highlighted below. Other challenges, such as deployment dynamics or thermal

stresses, are left for future work.

The gossamer materials which are used for EIMS are of thicknesses on the order of tens of

microns. Due to the thinness, these materials require extreme delicacy in handling to avoid material

tears. The materials are also very susceptible to wrinkling due to the little compression and bending
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resistance. [16] Wrinkles in the material (as can be seen in Figure 1.4) can have a significant effect

on the structure’s shape and behavior. Both of these factors must be taken into account for the

packaging and deployment of a gossamer structure.

Figure 1.4: L’Garde Solar Sail (lgarde.com)

The nature of a gossamer material (particularly the metal coated plastic films of an EIMS)

makes finite element modeling a challenge. Displacements are large and material properties are

non-linear [9]. Using the approach of shell elements (flat elements combining bending element and

membrane element) has allowed improved modeling of such structures [17]. EIMS presents an ad-

ditional challenge for structural modeling, as the coupled problem of electrostatics and structural

mechanics must be solved simultaneously. While commercial code is available to solve ranges of

multi-physics problems, they were not well suited for the challenging, non-linear membrane prob-

lem of interest. Another challenge for modeling EIMS or any membrane structure is capturing the

effect of wrinkles. Reference 16 provides an overview of several methods which tend to fall into

two groups: deformation tensor modification and stiffness/compliance modification. The advanced

topic of modeling membrane wrinkles is, however, beyond the scope of this dissertation. Another

challenge is understanding the dynamics of the flexible EIMS system. Understanding the dynam-

ics is important for attitude maneuvering and control and can be challenging for a large flexible

spacecraft component. Depending on the natural frequency of the flexible system and the rigid

components, the effects of external forces can be greatly varied and an uncontrolled flexible com-
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ponent can add energy to the system. For fully understanding the effects of a flexible spacecraft,

computer simulation of an extended time is required [18]. This study falls beyond the scope of this

dissertation.

In the testing phase of a gossamer structure, the issue of gravity arises. An inflatable struc-

ture, such as EIMS, is not designed to have inflation capabilities to overcome the 1-g forces on earth.

The ability to realistically test deployment, therefore, requires a reduced gravity environment (such

as a microgravity aircraft flight or sub-orbital flight). As many reduced gravity test options are

both limited in availability and expensive, other methods must be considered. One option is a

gravity off-loading system, such as the system described in Reference 19. An off-loading system,

however, can interfere with the structural behavior. Alternatively, for electrostatic inflation, small

scale prototypes can be used which have a larger deployment force to area ratio (due to higher

charge densities). Also, configurations were designed to test electrostatic inflation in a horizontal

direction to avoid overcoming gravity. In addition to the necessity of microgravity, a vacuum envi-

ronment is also required for EIMS testing, as the charged membranes suffer from interactions with

the air.

In the plasma environment of space, electrons and ions rearrange in the presence of a dis-

turbing electric field to maintain macroscopic neutrality [20]. This phenomena, known as Debye

shielding, will effectively shield the electrostatic potential of a charged object in a plasma, such as

an charged membrane structure. In the Low Earth Orbit region, Debye lengths are typically on the

order of milli- or centimeters, depending on the orbit altitude. If the separation distance between

the layers of membrane in a gossamer structure in LEO is greater than a few centimeters, or on

the order of the local Debye length, then the membranes may not experience a significant electro-

static force and the inflation concept would not be feasible. Numerical simulations described in the

fourth chapter, however, show that actual Debye shielding is less than classically predicted when

high voltages are employed. Large membrane separation distances, though, will still be challenging

in this orbit regime. In the GEO regime, the Debye length is generally on the order of hundreds

of meters. The small separation distances between proposed membrane structures compared to
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the large Debye lengths yield nearly negligible effects from the shielding, and the field decreases

proportional to the 1/r2 vacuum electrostatic field dropoff. This is true even for the very worst

GEO plasma weather conditions. In addition to Debye shielding, the plasma interaction with the

electrostatically charged membrane may cause complexities. Charge flux experiments (described

in Chapter 4) demonstrate that the interactions are hard to predict. Advanced numerical plasma

simulation will be required in the future to understand this dynamic scenario.

1.3 Literature Review

A review of relevant literature is presented in this section. The review is divided into two cat-

egories: membrane structures (including traditional inflatable structures) and Coulomb spacecraft

applications.

1.3.1 Membrane Structures

Membrane space structures are a class of lightweight structures which encompasses many

different architectures. This class of structures, also referred to as gossamer structures, can offer

significant savings in weight and packaging volume in comparison to solid, rigid structures. When

considering small spacecraft platforms, such as the CubeSat, mass and volume are critical design

components. Deployable membrane structures allow the opportunity for large apertures which can

still meet tight mass and volume constraints. Membrane structures have been used for applications

such as solar sails, sunshades, reflectors, and inflatable habitats. Examples of various applications

of membrane structures are presented and discussed.

One current area of development of membrane spacecraft is solar sail technology. A solar

sail is a spacecraft that uses radiation pressure from a star as a form of propulsion, a concept

dating back to 1865 [21]. There are several on-going missions for solar sails, some of which have

successfully launched. Launched in 2008, NASA’s NanoSail-D mission would have been the first on-

orbit demonstration of sail deployment [22]. Though the spacecraft was lost due to an unsuccessful

Falcon rocket launch, the spare (Nanosail-D2) was successfully launched in 2010 and demonstrated
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the de-orbit capabilities of a solar sail. Also in 2010, the first interplanetary solar power sail,

IKAROS, was successfully launched and deployed. IKAROS (Interplanetary Kite-craft Accelerated

by Radiation Of the Sun) is a project from the Japanese Space Agency (JAXA). The IKAROS

project provided a multitude of information about membrane space structures, including topics such

as folding techniques [23] and membrane dynamics [24] which will be important for future applications

of membrane structures.

Another important application of a membrane structure is a solar shade (or thermal shield)

for a spacecraft. Here, a surface is used to block radiation from the sun from reaching the spacecraft

or spacecraft instrument either as a thermal shield or to decrease noise (stray light) in an optical

instrument. A thermal shield can be created from just a few layers of metal-coated polymer films [9].

One current example of a membrane sunshade is the James Webb Space Telescope (JWST) shade,

seen in Figure 1.5 This telescope has a large sunshield consisting of several layers of silicon-coated

Kapton which is used to reflect the heat of the sun, keeping the telescope cool. The layers of

Kapton are mechanically tensioned to maintain the desired shape.

3/6/11 7:36 PM013530.jpg 2458×1966 pixels

Page 1 of 1http://www.jwst.nasa.gov/images2/013530.jpg

Figure 1.5: James Webb Space Telescope

Within the class of membrane structures are inflatable space structures. Inflatable space

1 www.jwst.nasa.gov/images
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Figure 1.6: NASA’s PAGEOS inflated sphere (nasa.gov)

structures have extremely high deployed-to-stored volume ratios, allowing for very large apertures

on-orbit. Common methods for deployment of inflatable structures include inflation via tanks of

pressurized gas, sublimating chemicals, or evaporating liquids [9].

A first example of an inflatable membrane space structure is the ECHO balloon satellite

project. The ECHO I sphere, which was launched in 1960, successfully served as a communications

reflector in space for several months. ECHO II was a similar design, but larger than the ECHO

I with a diameter of 41.1 m compared to the 30.5 m diameter of ECHO I. The balloons were

constructed of aluminum deposited Mylar film that was 12.7 microns thick. The ECHO project

was one of the first demonstrations of the capabilities of inflatable structures.

A similar project from NASA in the 1960s, the Passive Geodetic Earth-Orbiting Satellite

(PAGEOS), is shown in Figure 1.6. PAGEOS carried no instruments, as it was only meant to

be a reflective surface in orbit for triangulation and mapping purposes. The material used was
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the same as the ECHO balloons and the sphere was the same size at ECHO I. The sphere was

constructed from 84 gores of the aluminized Mylar each sealed together with tape and folded with

pleats and accordion folds [25]. The inflated volume was 14838 m3, but the packaged volume was

only .14 m3, an increase of seven orders of magnitude [25]. The inflation was accomplished with a

chemical reaction between benzoic acid and anthraquinone, producing gas for inflation. The two

solids were held in a canister with an explosive device for opening, with an inflation system mass

of approximately 18 kg [25].

Another important mission in the development of inflatable space technology was L’Garde

Inc.’s Inflatable Antenna Experiment (IAE). Made of the same aluminized Mylar material as the

ECHO and PAGEOS balloons, the antenna consisted of a 14 m parabolic dish, an inflated support

ring, and inflatable struts approximately 33 m long. The IAE was launched from the space shuttle

(STS-77) and although there were complications with the inflation and the dynamics, was consid-

ered an overall success [26]. Complications with inflation were caused by some residual gas in the

membrane structure and higher than expected strain energy upon deployment of the torus. The

antenna, however, completed inflation at approximately 3 psi. [26]. The IAE was not only techni-

cally important, as much was learn about inflating large structures on orbit, but important also for

motivating the field of inflatable and deployable structures.

Figure 1.7: Inflatable Antenna Experiment deployed on-orbit (lgarde.com)

A last example application of a membrane inflatable structure is a drag/de-orbiting device for
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a low-Earth orbit satellite. With this concept, the surface area of the satellite is greatly increased

at the end-of-life in order to increase the atmospheric drag force. The increase in atmospheric drag

slowly decreases the along-track orbital velocity and thus decreases orbital altitude. A drag device

helps to expedite the natural re-entry process into the Earth’s atmosphere in order to meet satellite

de-orbit time requirements. De-orbit requirements apply to all satellites launched into orbit by any

organization with the objective of limiting potentially hazardous orbital debris in important and

increasingly congested orbits. An inflated membrane structure to increase the surface area and

drag profile for a satellite is an attractive choice due to the small mass and volume for storing

the end-of-life system. Additionally, reference 27 shows that when using the area-time product

risk analysis for debris removal methods, an inflation-maintained ultra-thin envelope has the lowest

risk of creating new debris (beyond using the satellite’s propulsion system). One proposed concept

for a drag device from the Global Aerospace Corporation is the Gossamer Orbit Lowering Device

(GOLD), shown in Figure 1.8. The GOLD device has the potential to reduce orbit decay time by

orders of magnitude for satellites in orbits up to 1,200 km. [28] The device could be attached before

launch (as is describe in detail in U.S. Patent 6,830,222 [29]) or attached via a separate robotic

servicing satellite.

These and many other missions with membrane or inflatable membrane structures have pro-

vided technical background for materials, packaging, deployment dynamics, etc. that help to guide

the design of electrostatically inflated membrane structures.

1.3.2 Coulomb and Electromagnetic Structures

The concept of electrostatic forces for control of space structures has been studied for many

decades. Previous research has focused on using electrostatics to precisely control the shape of

single-layer membrane surfaces whose outer edges are held in place by a rigid structure. A US patent

by J.H. Cover filed in 1966 describes an invention for using electrostatics to control the surface of

a reflector dish in space [1]. Here, a mesh made of thin conductors (aluminum coated quartz fibers

suggested) is connected to a rigid ring with a similar mesh in proximity. When charged, electrostatic
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Figure 1.8: GOLD Gossamer Orbit Lowering Device concept (gaerospace.com)

forces between the two meshes are used to maintain the contour of the surface. In contrast, the

EIMS concept uses electrostatics to inflate a layered membrane structure which does not require

a rigid outer structure.This patent also discusses how sufficient electrostatic forces can be created

at the kilovolt level via active charge emission using only Watt levels of power at geosynchronous

orbit altitudes. Electrostatically controlling the surface of membrane mirrors in space has also been

studied, such as the work of Errico, et. al. in Reference 30. These designs significantly differ from

the proposed membrane structure inflation as the mirror and reflector technology requires a rigid

external structure to support the surfaces. With EIMS, the gossamer structure is completely and

compactly stowed until the charge level is increased to cause the entire structure to inflate.

Another application of electrostatic actuation is Coulomb control for free-flying flying space-

craft. This application aims to raise the absolute potential of the spacecraft to control the elec-

trostatic interactions with surrounding vehicles. Actively charging a craft to a few kilovolts causes

electrostatic forces between the craft of micro- to milli-Newton levels with millisecond charging

time [31,32]. The concept is illustrated in Figure 1.10. In References 33 and 34 the Coulomb forces

are explored to develop static virtual structures subject to both to the gravitational and electro-
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Figure 1.9: Cover’s design for a electrostatically controlled antenna surface [1]

static force fields. Feedback control strategies of such virtual structures have only been developed

for simple 2- and 3-craft systems thus far. [35,36] A related concept to the proposed electrostatic

membrane structure is the Tethered Coulomb Structure (TCS). [37,38] Here the complex charged

relative orbital motion is constrained through the use of tethers of sub-millimeter level thickness

interconnecting the charged nodes. The electrostatic force is used to create an inflationary pres-

sure to ensure positive tether tension at all times. Thus, the TCS can essentially be considered

as a larger scale, discrete element precursor of EIMS. In contrast to the TCS concept, the EIMS

differential orbital perturbations that drive charging requirements are different due to the larger

mass and separation distances of the TCS system (50-100 kg nodes and multiple meters), versus

the sub-kilogram membrane structure mass and centimeter separation considerations.

Another novel concept which utilizes electrostatics for space application is the electrostatic

de-tumbling concept, explored in Reference 39. This patented concept utilizes a controlled, charged

body in proximity to a second tumbling charged body. Electrostatic torques are utilized to arrest the
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Figure 1.10: Illustration of the Coulomb Formation Flying concept

motion of the tumbling craft. [40] Reference 39 explores non-linear control strategies to accomplish

de-tumbling by controlling the potential on the first craft.

Similar to the Coulomb relative attitude control concept, electrostatics could be used for

re-orbiting a spacecraft. In Reference 39, the Geosynchronous Large Debris Reorbiter (GLiDeR)

concept is described as a fuel-efficient method to re-orbit a debris object using electrostatic forces.

Active charge control is used to change the potential of the GLiDeR craft and debris object, then

a pusher or puller configuration can be employed to accomplish re-orbiting of a GEO object to a

disposal orbit.

The challenge of controlling the potential of a body in space has been successfully flight tested.

The SCATHA (Spacecraft Charging at High Altitudes) experiment was one of the spaceflight

experiments that demonstrated use of ion and electron guns to control spacecraft surface potential

to 10-20 kV [41,42]. Even without active charging, spacecraft can charge up to many kilovolts in

the plasma environment. The highest recorded natural charging event occurred on the ATS-6

spacecraft, reaching a potential of -19 kV during an eclipse period of the GEO orbit [43]. While the

previous two examples are space missions with active charge control at geosynchronous altitudes, the

SPEAR I mission is an example of a charging experiment at Low Earth Orbit (LEO). The SPEAR
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I mission employed active charging of test spheres in LEO with an altitude of approximately 350

km [44]. Using a capacitor, a positive potential of 45.3 kV was applied to two 10 cm radius spheres

attached to a rocket body [44]. The current CLUSTER mission also employs active charge control

through continuous charge emission to servo the spacecraft absolute potential to a desired near-zero

charge level. The charge control of a spacecraft is, however, complicated by the presence of the

plasma environment. While at geostationary altitudes the charge control can be achieved with low

electrical power levels, [1,45] the relatively cold and dense plasma at low Earth orbits makes charge

control more challenging. LEO applications would require more power, and the electrostatic field

about a charged body is more quickly negated by the surrounding plasma charge.

In addition to the electrostatic space concepts discussed thus far, electromagnetics has simi-

larly been considered for space applications. Two such examples are magnetic formation flight and

electromagnetic deployment.

Electromagnetic deployment, illustrated in Figure 1.11, aims to decrease system mass and

stowed volume by using a novel approach to unfolding or re-shaping a structure using electro-

magnetic forces. Electromagnetic deployment uses high-temperature superconductors to create

magnetic fields from electrical current passing through coils [2]. Reference 2 describe several dif-

ferent functional uses of this concept such as deploying and holding the perimeter of a membrane

structure with one single high-temperature superconducting coil. Other uses include unfolding a

structure using a series of coils, creating distance between spacecraft parts with repelling coils, or

changing the focal length of a mirror.

Electromagnetic formation flight is a concept similar to Coulomb formation flight. Here,

electromagnetic forces between spacecraft (produced with superconducting electromagnetic coils)

are used to control a formation of satellites [46]. The satellites could also take advantage of the

Earth’s magnetic field for passive formation manipulation.

The relevant literature review presented thus far provides much background information

about related and enabling technologies for electrostatic inflation. There does not exist, however,

detailed research on the concept of electrostatic inflation itself. The topic was found only briefly
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Figure 1.11: Illustration of the electromagnetic deployment concept [2]

in one reference. Reference 47 presented the concept of electrostatic inflation for deployment of

a solar sail. In the description, charge is physically deposited onto a folded sail and the repulsive

electrostatic forces unfold the sail. A simplified calculation was presented for the deployment time

of a sail using electrostatics, showing the the deployment can take from minutes to hours depending

on various parameters. [47] The minimal exploration of the topic of electrostatic inflation presented

countless avenues for research. The approach was taken to address three fundamental questions,

as outlined in the next section.

1.4 Overview of Research

The space-based electrostatic inflation concept is stil in the early stages of investigation.

There are many associated challenges and avenues for research, such as non-linear structural mod-



19

eling and complex interactions with the space plasma, yet fundamental questions must be first

addressed before considering such challenges. The goal of this research is to address fundamental

questions related to electrostatic inflation:

(1) What are the necessary conditions for a meter-scale Electrostatically Inflated Membrane

Structure (EIMS) to remain as a desired, inflated shape in vacuum space?

(2) What are the necessary conditions for a meter-scale EIMS to remain as a desired, inflated

shape in a space plasma?

(3) What methods can be used to charge an EIMS to desired potential levels?

Investigating these three topics will begin to answer basic feasibility questions about elec-

trostatic inflation, aid in determining where the concept may be applicable and help reveal the

biggest challenges that will need to be addressed. These fundamental questions will not address

more complex topics, such as deployment mechanics, packaging and subsequent material effects

(e.g. wrinkling), or specific spacecraft designs for an application of EIMS.

The tasks associated with each of these focus areas are described. For the first research focus

(EIMS in vacuum space), the following are addressed:

· Build prototype membrane structures to demonstrate electrostatic inflation in laboratory

and vacuum environments

· Determine required voltages for laboratory inflation of prototype membrane structures

· Quantify charge distributions, electrostatic forces, and electrostatic fields for EIMS shapes

using the Maxwell 3D numerical software

· Determine voltage requirements for offsetting orbital perturbation with the simplified case

of an electrostatically inflated sphere and for the EIMS two-membrane structure

· Develop simple tools to simulate inflation of EIMS structures (the coupled electrostatic and

structures problem)
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For the second research focus (EIMS in plasma), the following are addressed:

· Quantify Debye shielding effects, specifically the ‘effective’ Debye length for high spacecraft

potentials

· Demonstrate electrostatic inflation in the presence of a charge flux and identify interactions

· Explore charge deflection and wake patterns of EIMS in a charge flux

For the third research focus (charging methods), the following are addressed:

· Experimentally determine secondary electron emission properties of EIMS materials (metal

coated polymers) to better understand EIMS charging

· Simulate charging scenarios in a plasma environment for different charging methods (remote

charging, charge emission)

· Experimentally demonstrate charging via a remote charge beam and correlate with simu-

lations

· Approximate power requirements for charging EIMS via charge emission

The research comprising this thesis covers many topics and fields of engineering and physics

to answer the basic questions about electrostatic inflation. The results are laid out in the following

chapters, organized with the second chapter summarizing the first proof of concept demonstra-

tions of electrostatic inflation followed by three chapters addressing each of the three fundamental

research questions. Chapter 6 provides a summary of the key contributions as well as recommen-

dations for future work. This research yields a basic understanding of the necessary conditions of

EIMS and sets up further questions which need to be answered for future work on electrostatic

inflation.
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Laboratory Demonstration of Electrostatic Inflation

To explore the concept of electrostatic inflation and test the feasibility of the concept in a

laboratory environment, simple inflation demonstrations were designed for the 1-g environment.

These demonstrations are not representative of space situations but serve to demonstrate feasibil-

ity of using electrostatic pressure for deployment or shaping of membrane structures and to better

understand the possible applications. The demonstrations also serve to better understand the chal-

lenges associated with EIMS, such as the extreme delicacy required for the handling of membrane

materials. The laboratory results of this section are predominately qualitative.

An early question with electrostatic inflation was whether the membranes would inflate, as

there is theoretically no electrostatic field between two like-charged sheets. This is illustrated

in Figure 2.1 in comparison to a parallel plate capacitor setup, which functions based upon the

electric field between the plates. Although there is no field between the membranes, the charge

on the conducting membranes still experiences an electrostatic forces due to the charges on the

opposite membrane, enabling inflation.

The membrane materials used for construction of electrostatic structures include aluminized

Mylar and aluminized Kapton films with thicknesses ranging from 6 to 20 microns. The aluminum

deposition layer on the polymer films is approximately 0.1 microns and covers both sides of the

film. Membrane materials were generously provided by the Multex company.

Initial demonstrations were successfully performed with a hand-held Van der Graaf generator

used to directly charge the membranes. A more controllable charging method is desirable though,
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Figure 2.1: Illustration of electric fields between oppositely charged (parallel plate capacitor) and
like charged (EIMS) plates

therefore a high voltage EIMS charging setup was designed and constructed for the laboratory.

The charging setup is used to apply a desired voltage to the membrane structures for inflation.

Figure 2.2 displays a diagram of the setup. The high voltage is supplied by an Ultravolt 40A Series

high voltage DC-DC converter. This device supplies up to -40kV to the membrane structures.

The voltage magnitude is controlled by a user through a Graphical User Interface on a Macbook

computer, as shown in Figure 2.3. A National Instruments USB-6008 data acquisition device is

used to drive the power supply and also to record current and voltage data. This custom software

allows the EIMS to be charged to a particular voltage by either manually moving the voltage slider,

or by running a predefined voltage history on the structure. Surface voltages are measured using

an electrostatic surface voltmeter.

2.1 Atmospheric Electrostatic Inflation Demonstrations

With the high voltage charging setup, tests were conducted to inflate a variety of membrane

structures in the laboratory environment. While these demonstrations suffer from atmospheric

interactions, atmospheric inflation experiments allow a quick method to test the capabilities of the

high voltage charging system without the rigors of preparing a vacuum system.

The first laboratory electrostatic inflation demonstrations involved a variety of membrane

shapes. In these demonstrations, the high voltage charging setup is used to apply a desired voltage
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Figure 2.2: Block diagram of high voltage charging setup for membrane structures

Figure 2.3: Graphical User Interface for operating the high voltage charging setup

to the membrane to induce inflation. Figure 2.4 shows the inflation of a gossamer ribbon structure,

an example of a structure with large open surface segments. This ribbon structure was initially

compacted to height of approximately 2 cm, then inflated to a height of 25 cm. This demonstration

shows the potential of high deployed to stowed volume ratios with the electrostatic inflation concept.

Notice in this photo series that the structure has obtained the fully inflated shape at 5 kV, yet
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gravity is preventing the structure from standing upright. As the voltage increases to 9 kV, the

electrostatic repulsion between the ribbon structure and the conducting surface to which it is

attached cause the entire structure to become upright as well as inflated to the desired shape.

Membrane structures were also constructed in the envisioned 2-membrane sandwich structure shape

of EIMS. Figure 2.5 shows a structure resting on a conducting surface which is connected to a

high voltage power source. In this 1-g test environment, the forces on the lower plate are always

balanced by the normal force of the object upon which it rests. The other plate is subjected to

the Coulomb force to inflate, the compressive force of gravity, and tension in the membrane ribs to

hold the structure together. This setup is much like an along-track orbit configuration in which the

differential solar radiation pressure and/or the differential atmospheric drag are acting to collapse

one membrane onto the other (assumed fixed) membrane. The structure used in this test consists

of two 12x15 cm plates of 75 gauge aluminized Mylar. Three aluminized Mylar ribs connect the

two membranes. Voltage was applied to the conducting sphere on which the membrane structure

rested.

Video snapshots of an inflation demonstration are shown in Figure 2.5 to show that in the

laboratory environment, a membrane structure can transition from a collapsed initial state to an

inflated state using only electrostatic pressure. Inflation occurred between 7 and 13 kV during

different inflation trials. The duration of the inflation shown between the first and last frames of

Figure 2.5 is approximately 5 seconds.

0 kV 4 kV3 kV 9 kV5 kV

Figure 2.4: Electrostatic Inflation of gossamer ribbon test structure, from 0 kV to 9 kV
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0.07 kV 6.80 kV 9.03 kV

Figure 2.5: Electrostatic Inflation of a test sandwich structure, from 0 kV to 9 kV

To avoid the need to overcome gravity, many demonstrations were performed by vertically

hanging membrane sheets and inducing horizontal electrostatic inflation. Early tests included

charging of two independently hanging sheets of aluminized Mylar. Figure 2.6 shows the inflation

during a test where each sheet was charged to 10 kV. This setup allowed study of different shapes and

sizes of membrane materials. Smaller membrane structures inflate more easily than a larger, similar

structures charged to the same potential due to higher charge density, thus higher electrostatic

pressure. Membranes with material cut-outs (such as the square cut-outs visible in Figure 2.6)

inflate with lower potentials than solid sheets, again due to the higher charge densities at corners.

(a) Before inflation, 0 kV (b) Inflation, 10 kV

Figure 2.6: Uncharged and charged hanging membranes during a laboratory inflation test

For the structures tested in the laboratory, inflation was observed for all EIMS test objects

at charging levels as low as 4 kV. Below the 4 kV level, effects from the atmosphere are prohibitive

to inflation. When charging to kilovolt level potentials, the air ionizes and can induce attraction
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between like-charged membranes. These results demonstrated that a vacuum environment is critical

to simulate how electrostatic inflation may occur in a more space-like environment.

Another challenging issue in atmospheric tests is membrane stickage. In laboratory tests to

inflate a structure, such the one illustrated in Figure 1.3, a non-conducting gap or layer between

conducting surfaces is required for electrostatic inflation to occur. Without a gap, the layers of

charged conducting sheets do not separate due to stickage between the tested membranes. For

electrostatic inflation, it is speculated that non-connected segments may be beneficial between

the conducting surfaces such as gaps or un-polarized dielectric layers. In laboratory inflations, a

small gap with air between surfaces has been shown as sufficient for inflation to occur across a

comparatively large structure.

An important issue observed in laboratory demonstrations is the impact of the non-uniformity

of charge density. Initial inflations were often performed by placing the structure onto a charged,

conducting sphere or plate. With the rectangular plate, the charge density is not uniform and most

charge lies on the corners and edges of the plate. For this reason, any structure placed in the center

of a plate (especially a large plate) often does not achieve sufficient charge for inflation. This is

illustrated in Figure 2.7 with small membrane sheets electrically connected to a charged, conducting

plate. As the voltage on the conducting plate is increased, the charge density levels become large

enough to enable repulsion of the membranes and lift them off the plate. The progression in which

membranes lift helps to visualize the charge density distribution. Importantly, the membrane in

the center does not inflate at any applied voltage due to low charge density. On an EIMS structure

on-orbit, the required charge density at this minimum in the center of the membrane sets the

required charge density and thus the required voltage for inflation. This inflation demonstration

is later compared to the 3D numerical electrostatic solution to quantify why the center membrane

does not have required electrostatic pressure to overcome gravity.

This demonstration shows the importance of understanding the charge density distribution

which enables electrostatic inflation. For this reason, the 3D electrostatic modeling is a key com-

ponent of this research.



27

center flap never inflates 

With charging, 
corner flap inflates first 

due to highest charge density
Uncharged 

With additional charging, 
other flaps inflate

Figure 2.7: Charge density non-uniformity demonstration via electrostatic lifting of membrane
sheets

2.2 Electrostatic Inflation Demonstrations in a Vacuum Environment

As the laboratory demonstrations suffer from interactions with the atmosphere, the elec-

trostatic inflation test setup was moved to a vacuum chamber. Access to a vacuum environment

was provided by Colorado Center for Lunar Dust and Atmospheric Studies (CCLDAS) at the east

campus facility of the University of Colorado at Boulder. The chamber is a cylindrical aluminum

chamber with a diameter of 30cm, shown in Figure 2.8. The high-voltage supply to the structure

within the chamber is accomplished with a high voltage electrical feedthrough rated to 10 kV. The

hanging structure is mounted directly to a metal post of the feedthrough for direct connection to

the HV supply.
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Figure 2.8: Vacuum chamber used for electrostatic inflation demonstrations and experiments

Testing in the vacuum chamber environment requires much more rigor than the atmospheric

demonstrations, as special preparations and cleaning procedures are required. Also, only certain

materials are allowed to be used, based on their outgassing properties that can damage pumps

and other hardware. In general, plastics are not suitable for the vacuum environment, with some

exceptions (such as Kapton). Kapton was an important material for these demonstrations, as

Kapton tape was often used in construction of membrane structures or as ripstop. All hardware

entering the vacuum chamber was carefully cleaned using a sonic bath of ethanol. Extra care was

required with the aluminum coated polymer materials, as long soaking in the ethanol would cause

a melting type reaction that warps the structures. Also, the ethanol bath removed the stickiness

of the Kapton tape, therefore taping for construction or ripstop had to be done after the ethanol

bath.

A chamber environment of approximately 10−6 Torr was used to verify electrostatic infla-

tion capabilities in a vacuum. Previously observed effects in laboratory tests from the atmosphere

becoming ionized and inducing attraction between the sheets were not observed in the vacuum

chamber, as predicted. Significantly lower voltage magnitudes are required in the vacuum environ-
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Figure 2.9: Electrostatic Inflation of membrane structure within the vacuum environment

ment to induce the same inflation levels that are observed in the laboratory atmosphere at higher

voltages.

Similar to the atmospheric demonstrations, many shapes of membrane structures were in-

vestigated within the vacuum environment. Similar results were found in these demonstrations,

verifying that smaller structures and membranes with cutouts inflate with a smaller absolute po-

tential. Figure 2.9 shows an electrostatic inflation demonstration in the vacuum environment for

two hanging membranes with material cut-outs. The membranes were at a potential of 4 kV for

this demonstration.

It must be noted that electrostatic inflation does not occur at all levels of vacuum pressure due

to electric breakdown. If the breakdown voltage is attained, an electric arc forms and discharges the

surfaces. Paschen’s Law is used to determine the breakdown voltage in a specific gas as a function

of only pressure and separation distance between 2 parallel plates. The relationship describing the

phenomena is given in Equation 2.1 where pd is the product of pressure and separation distance

and a and b are constants specific to the gas. These curves are illustrated in Figure 2.10 for various

gases with data from Reference 48.
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Figure 2.10: Paschen curves for select gases showing breakdown voltage as a function of the pressure-
distance product.

V =
a pd

ln(pd) + b
(2.1)

It is important to understand when electric breakdown will occur (and the membranes thus do

not inflate) for laboratory and vacuum experiments. EIMS requires on the order of a few kilovolts

for inflation in 1-g. From Figure 2.10, it can be seen that the breakdown voltage is below kilovolt

level for N2 for a considerable range of the pressure-distance product.

The effect of Paschen discharge was observed in this research during the first attempt to

demonstrate electrostatic inflation in a vacuum environment. Before access to the CCLDAS vac-

uum chamber, the first vacuum environment inflation attempts took place in a bell jar vacuum

provided by the Colorado Space Grant Consortium. The pressure achieved inside the bell jar was

approximately 1.5 Torr for the experiments. Assuming the required voltage is 5 kV for inflation,
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any distance between approximately 0.5cm and 80cm will cause breakdown. The geometry of the

bell jar is such that separation distances between the charged membranes and grounded surfaces

could not reach 80 cm. Electrostatic inflation could not be observed at the pressures which were

achieved in the bell jar, therefore to demonstrate electrostatic inflation in a vacuum, a lower vacuum

pressure was be required. The CCLDAS chamber can attain vacuum pressure on the order of 10−7

Torr, therefore Paschen discharge is not a concern. This will not be an issue for EIMS on-orbit, as

the pressure is extremely low (near perfect vacuum). Paschen discharge does, however, need to be

considered for laboratory and vacuum systems for development and testing purposes.

In summary, demonstrations indicate that self-supporting membrane structures can repeat-

ably and reliably be electrostatically inflated in a laboratory and vacuum environment. Such

physical results are useful to explore appropriate materials, construction methods, packing meth-

ods, and charging behaviors that lead to desirable membrane motions. Further, such testing can be

used in the future for validation and verification purposes of high fidelity modeling of charged mem-

brane structures. The relatively small potential levels required to inflate the membrane structures

in 1-g are promising to the concept of electrostatic inflation for space structures. As the orbital

disturbance pressures are orders of magnitude smaller than the pressure due to gravity in the 1-g

environment, required potentials can be much smaller than required in Earth-based experiments,

as is further described in the following chapter.



Chapter 3

EIMS operating in vacuum spaces

The first fundamental question that is addressed in this thesis is: what are necessary condi-

tions for inflation to be maintained using electrostatic pressure for a meter-sized membrane structure

in a vacuum environment. Here, we do not address the deployment problem, rather the scenario

in which an EIMS is on-orbit, post-deployment and undergoing disturbance forces or torques from

orbital perturbations (differential gravity, solar pressure, and atmospheric drag) or a spacecraft

maneuver. Plasma effects are considered to be negligible for the force evaluation in the analysis of

this chapter.

The question of maintaining a desired inflation pressure is a question of maintaining the

required charge density across the membrane. To understand inflation pressure for EIMS, the first

step is therefore to be able to understand electrostatic solutions for various geometries being con-

sidered for these space structures. This problem is studied numerically in the first section. With

the tools to determine the electrostatic solution, potential EIMS geometries are next discussed.

Basic shapes envisioned for electrostatic inflation, such a sphere, cylinder, and 2 membrane sand-

wich structure, are explored. Finally, voltage requirements are derived for one case of electrostatic

inflation on-orbit undergoing orbital perturbations. The procedure presented for determining volt-

age requirements due to the chosen disturbance can be extended to all distributed disturbance

pressures.
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3.1 Electrostatic Solutions for EIMS Geometries

With electrostatics, simplicity is limited to point charges and spheres. Beyond an isolated

sphere, charged bodies will not have uniform charge distributions. The complexity of geometries

requires going beyond analytical expressions to numerical approaches. To study the electrostatic

fields and charge distributions of a charged membrane structures, the Maxwell 3D software is

chosen. Maxwell 3D is an Ansoft software package that uses finite element analysis to solve 3D

electrostatic problems [49]. The software provides solutions of electrostatic fields, forces, and charge

distributions, as well as capacitances based on user-drawn geometries.

The procedure for determining the electrostatic solutions for the membrane structures in-

cludes drawing the membrane geometry, assigning material properties, assigning a voltage to the

membrane, and drawing a boundary region with a zero voltage to the boundary. It was deter-

mined that the zero voltage boundary should be 2000% in each direction of the geometry to have

no effect on the electrostatic solution for the membrane. The software automatically meshes the

geometries and region using tetrahedral elements. Maxwell 3D solves Maxwell’s equations (Equa-

tion 3.1 for the electrostatic case) in a region based on assigned boundary conditions and initial

conditions. The unique results of the problem are electrostatic charge distribution, fields, forces,

and the capacitance matrix.

∇E =
ρ

ε0
(3.1)

Maxwell 3D enables understanding of the charge distributions for various shapes considered

for electrostatic inflation applications. A critical parameter to investigate is the minimum charge

density on the membrane, as this is where the inflation pressure will be at a minimum. When

considering the minimum required charge density, it is important to consider the non-uniformity

of the charge distribution on the membranes as charges rearrange to create zero electric field inside

the conductor. As expected, numerical results show that surface charge is highest at corners, as can

be seen in Figure 3.1, where red represents the largest value of surface charge. This occurs because
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charge rearranges inside a conductor such that there is no electrostatic field inside the conductor.

As seen in Figure 3.1, the minimum charge density is in the center of the membrane. This has

important implications for determining where the inflated membrane structure is most likely to

collapse from external pressures.

Figure 3.1: Numerical solutions of surface charge distribution on two charged plates

Electrostatic inflation of a structure occurs when an electrostatic potential is applied and the

charges distributed on the outer surface repel each other, expanding the structure. The potentials

must be high enough to produce sufficiently large electrostatic forces for self-repulsion to negate

the compressive differential forces from gravity, solar radiation pressure, atmospheric drag, or a

spacecraft maneuver that would be experienced on orbit.

For inflation of the structure, there must be sufficient electrostatic pressure across the entire

surface of the membrane to offset these perturbations. This required pressure to exactly offset the

disturbances is associated with a required electrostatic charge density which is referred to as the

minimum charge density on the membrane. Below this minimum charge density, the structure can

compress or collapse from the disturbance.

Consider the two-membrane setup shown in Figure 3.2. We desire to find the required charge
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Figure 3.2: Differential area element experiencing electrostatic forces from the distributed charge
on the opposing membrane

density on a small element of area dA such that the electrostatic pressure is at least the magnitude

of the normal disturbance pressure. The charge on this differential area is:

dq = σdA (3.2)

The fundamental electrostatic force equation yields the differential force on this area due to the

electric field normal to the surface:

dF = Endq (3.3)

Rewriting this equation as the pressure and substituting Equation (3.2) yields:

dP =
dF

dA
=
EnσdA

dA
= σEn (3.4)

Application of Gauss’s Law yields the electrostatic field at the surface of the membrane with

knowledge of the local charge density:

En =
σ

ε0
(3.5)

The pressure on the small area element is therefore only a function of the charge density on the

membrane:

dP =
σ2

ε0
(3.6)
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Equation (3.6) can thus be rearranged to solve for the minimum charge density at any location on

the membrane to create a required inflationary pressure level (Preq) :

σ =
√
ε0Preq (3.7)

This equation is a key equation for electrostatic inflation. It is applicable for any EIMS geometry

and any disturbance pressure being applied to the system (orbit perturbations or maneuvers).

However, voltage, not charge density, is the parameter which will be actively controlled

in the space environment to inflate the structure, therefore it must be determined from these

required charge densities. As the structures considered for EIMS go beyond shapes with simple

capacitance relationships, such as a sphere, a relationship between the potential and charge is

generally not analytically known. Numerical electrostatic field modeling is therefore required to

determine the capacitance of each of the different EIMS geometries such that the required charge

densities determined with Equation 3.7 can be related to required voltages. The following section

explores the capacitance and other considerations for different geometries considered for EIMS.

3.2 EIMS Geometry Considerations

3.2.1 Sphere configuration

First considered is the simplest geometry for the electrostatic solution, that of a sphere.

With a spherical geometry, the charge distribution is uniform and analytical relationships exist to

describe the electrostatic forces and the self capacitance:

C = 4πε0R (3.8)

The membrane sphere has been used for several applications in previous space missions. As

described in the background section of the thesis, the ECHO satellite was a membrane sphere used

as a communications reflector, and the similar PAGEOS sphere was used as a reflective surface for

mapping purpose. Another envisioned application of a large membrane sphere is a drag de-orbiting
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Figure 3.3: Electrostatically inflated membrane sphere

device, such as the proposed GOLD spacecraft. A sphere could also be used as a star shade. The

electrostatic sphere concept is illustrated in Figure 3.3.

The geometry is modeled after the ECHO balloon structure. Gores of a conducting membrane

material are used to construct a single-layer spherical shape. Electrostatic charge would be evenly

distributed across the layer and the electrostatic forces would act across the radius of the sphere.

One of the limitations of a spherical shape is the large distance over which the electrostatic forces

must apply. For a gas-inflated sphere, larger sizes equate to higher gas pressure. For EIMS, a larger

sphere requires achieving a larger electrostatic potential, which has limitations in space.

For the ideal membrane sphere, the electrostatic solution is simple. An analytical develop-

ment is presented here which describes voltage requirements for an electrostatically inflated sphere.

The mathematical development is as follows.

The electrostatic potential energy of the charges on the sphere is described by:

U =
1

2

∫
V σdS =

1

2
V Q (3.9)

As the spacecraft potential is the parameter which is controlled, this can be rewritten as:

U =
1

2
CV 2 = 2πε0V

2R (3.10)
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To find the force, we use the derivative of the potential energy:

F =
dU

dR
= 2πε0V

2 (3.11)

This is the total force acting on the sphere, but we are interested in pressure. The surface pressure

would be:

P =
F

A
=

F

4πR2
=
ε0V

2

2R2
(3.12)

This relationship is illustrated in the plot shown in Figure 3.4. Electrostatic pressure values

(Pascals) are shown on the contour lines as a function of the voltage and the sphere radius. To

inflate a sphere with a radii much larger than the 5 meters shown, the voltage requirements become

larger than the tens of kiloVolts that are considered feasible on-orbit.
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Figure 3.4: Pressure contours (Pa) as a function of voltage and sphere radius for an electrostatically
inflated sphere

A further option for a spherical electrostatic structure is a non-solid membrane. In laboratory

demonstrations, it quickly became apparent that structures made of membrane strips (or ribbons)

inflate extremely well. With the ribboned structure, the charge density for a given voltage is much
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higher than for a solid membrane. The Maxwell 3D software verifies that charge densities on a

conductor are higher at the edges. With the ribboned structure, there are many edges and electro-

static repulsion between opposite sides becomes much higher. The ribboned structure would also

be more lightweight and simpler to manufacture and package. However, some of the applications

for a sphere, such as a star shade, would not be as functional without the solid surface.

One of the ribboned structures built for laboratory demonstrations is shown in Figure 3.5.

This lightweight structure inflates extremely easily and the repulsion between the structure and

the conducting surface easily overcomes gravity with less than 10 kV.

Figure 3.5: Spherical configuration with membrane ribbons

3.2.2 Cylindrical configuration

Next, a electrostatically inflated cylindrical tube is considered. This EIMS configuration is

a cantilever cylindrical tube of membrane material which uses electrostatic pressure to give shape

and strength to the tube.

A cylindrical tube is a common structure used for space inflatable structures. Cylinders can
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Figure 3.6: DLR’s cylindrical inflatable boom (deploytech.eu)

be used as booms for deploying an instrument or camera or as a support structure for a larger

structures such as a solar sail or reflector. One example is the DLR deployable boom, shown in

Figure 3.6. The boom is made of carbon fiber reinforced plastic and is being used primarily as the

deployment device for a European solar sail mission (although it has several other applications). [50]

The cylindrical tube geometry has been explored for electrostatic inflation applications both

conceptually and through demonstration. For EIMS, the charge distributed along the cylinder

provides inflation pressure that gives stiffness to the cylinder. The concept is demonstrated in

laboratory experiments to observe buckling of the cylinder with and without electrostatic pressure.

The charged cylinder can reach higher angular displacements (procedure shown in Figure 3.7) before

collapse than a non-charged cylinder. As a note, this demonstration is very dependent on previous

bending or buckling in the membrane which causes permanent wrinkles. As described previously,

wrinkles are a key factor in designing the packaging for EIMS.

As with any non-spherical shape, the charge distribution for a charged cylinder is non-

uniform. The charge density drops exponentially from the ends of the cylinder, thus the length

of the structure is limited by the required charge density in the center of the cylinder. Maxwell

3D is used as a tool for understanding the minimum charge density based on an applied voltage.

Figure 3.8 illustrates an example of the charge density solution for a charged (30 kV) conducting

cylindrical membrane tube.
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Figure 3.7: Laboratory demonstration of electrostatic pressure increasing stiffness in cylindrical
membrane tube

3.2.3 Two membrane sandwich configuration

The two membrane sandwich configuration is envisioned as similar to a ram air parachute with

ribs connecting the two membranes which are expanded by electrostatic pressures, as illustrated

in Figure 1.3. Such a configuration is shown in Figure 3.9 in a laboratory inflation demonstration.

Here, the membrane became fully inflated at approximately 9 kV. With small scale prototypes,

the membranes remained relatively flat. It is expected that there could be billowing between the

membrane attachments (ribs), but this would be better understand with FEM simulation of the

membranes to understand stable configurations. As a note, the 2-membrane sandwich structure

is not limited to the rectangular shapes that were explored in the laboratory and in the analysis

presented here.
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Figure 3.8: Illustration of Maxwell 3D electrostatic solution for charge density for a charged (30
kV) cylindrical membrane tube

0.07 kV 6.80 kV 9.03 kV

Figure 3.9: Electrostatically inflated 2-membrane sandwich structure

To understand the capacitance relationship for the sandwich configuration, Ansoft’s Maxwell

3D software is used to create geometries, simulate electrostatic fields, and numerically determine

forces on the membranes. The numerical simulations are performed for a model of two conducting,

finite plates in a vacuum. For the two plate configuration, the capacitance matrix relationship is as
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shown in Equation (3.13), where V is the voltage and Q is the total charge on the membrane. The

diagonal components of this symmetric matrix are the capacity coefficients and the off-diagonal

terms are the electrostatic induction coefficients. [51] The induction coefficients are negative values

and account for the decrease in the potential due to a nearby conductor.Q1

Q2

 =

C11 C12

C21 C22


V1

V2

 (3.13)

The values of the capacitance matrix are dependent only on the geometry of the conductors. For

this system, the capacitance can be altered by changing the area of the plates or by changing the

separation distance between the plates.

Figure 3.10 illustrates the effect of changing the area of the structure. Increasing the area

increases the capacitance of the system, allowing more charge to reside on the structure for a

fixed value of potential. The repulsive forces between the two membranes therefore increase with

this additional charge, as shown in the top plot of Figure 3.10. When the pressure is considered,

however, the increase in area causes a decrease in electrostatic pressure. Pressure is the quantity in

which we are most interested, not total force, as the distributed pressures of orbital perturbations

must be offset across the whole area of the structure. This suggests that electrostatic inflation can

be achieved more easily for small area structures. The effect of changing the area on the system

capacitance diminishes as the areas become larger than a few square meters, and the effect of

area change on electrostatic pressure has nearly settled by areas of 4m2. The effect of varying

the separation distance on the capacitance matrix is very significant. Figure 3.11 illustrates the

trends for a range of separation distances between membranes with a fixed potential and area.

The electrostatic forces become larger as the two membranes are brought closer per Coulomb’s law

and because the system capacitance increases as two conducting bodies become closer. This result

suggests that it will be most advantageous to have the two membranes very close. Small separation

distances between membranes are also preferred when considering Debye Shielding, especially at

LEO where Debye lengths can be close to the order of the separation distances considered here.

Figure 3.12 illustrates the relationship between the shape parameters of aspect ratio and total



44

0 2 4 6 8 10 12 14
101

102

103

Plate Area, m 2
 E

le
ct

ro
st

at
ic

 F
or

ce
, µ

 N

0 2 4 6 8 10 12 14
10−2

100

102

Plate Area, m 2

El
ec

tro
st

at
ic

 
Pr

es
su

re
, m

N
/m

 2

Figure 3.10: Numerical simulation of effect of varying structure area on the capacitance of the
system, Fixed separation 2cm, Fixed potential 1 kV
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Figure 3.11: Numerical simulation of effects of varying separation distance between membranes;
Fixed area of 1 m2, Fixed potential 1kV

area of a two membrane sandwich structure to the minimum inflation pressure on the membrane.

As expected, the larger the area of the structure, the lower the charge density becomes, thus the

inflation pressure decreases. This limits the size of a solid sheet of membrane based on the required

inflation pressure for the mission scenario. As the aspect ratio increases and EIMS becomes more
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rectangular than square, the minimum charge density increases. This shows that to achieve higher

inflation pressures with lower voltages, higher aspect ratios are more advantageous. The extrema

of this idea leads to a ribbon-like structures.
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Figure 3.12: Minimum inflation pressure from 1 kV potential 2-sheet membrane structure

Similar to the ribboned structure as an alternative to the solid sphere, sheets with cut-outs

can aid in inflation for this configuration. The cut-outs add regions (such as edges and corners)

with higher charge densities that can be arranged where the charge density is the lowest for the

solid membrane (and therefore inflation pressure is the lowest). Maxwell 3D is used to investigate

the electrostatic benefits of the membrane material cut-outs in the structures which inflate well in

demonstrations in both the laboratory and vacuum environment.

Figure 3.13(a) shows the geometry of the cut-out structures and Figure 3.13(b) shows a

solid membrane, each showing the electrostatic charge distribution given the same applied voltage.

Notice in Figure Figure 3.13(a) the increased charge distribution in the region of the membrane

cut-outs. The magnitude of the charge distribution at these edges is nearly a 40% improvement of
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the charge distribution in the same location of the solid membrane. This increased charge yields

a larger electrostatic force and therefore, a greater inflation pressure. From Equation (3.7), a 40%

increase in charge density is almost double the inflation pressure. A non-solid membrane concept

can also enable further mass savings. A configuration with one solid membrane and an opposing

cut-out membrane is also considered, such that the structure would still be functional as a drag

device or star shade.

(a) 2-membrane structure with material cut-outs (b) Solid 2-membrane structures

Figure 3.13: Charge density plots for solid and cut-out configurations of the 2-membrane sandwich
structure

3.3 Voltage Requirements for On-orbit Inflation under Orbital Perturbations

In this section, the pressure on an EIMS due to orbital disturbances is explored. As a first

approach, orbital pressures in the normal direction are considered as the perturbing mechanism. For

electrostatic inflation, potentials must be high enough to produce sufficient electrostatic inflation

pressure in the normal direction for self-repulsion to offset the normal compressive pressures from

differential gravity, solar radiation pressure, and atmospheric drag that would be experienced on

orbit. Failure of the system occurs when the compressive pressures become greater than the inflation
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pressure, thus collapsing or deflating the structure.

First, the GEO and LEO perturbations are quantified. The specific case of the two membrane

sandwich structure is explored in-depth, examining magnitudes of orbital pressures and determining

the required voltage to maintain inflation. The cases of a sphere and a cantilever tube under orbital

perturbations are also briefly explored.

3.3.1 Orbit Perturbations

The orbital perturbations affecting EIMS depend on the orbit altitude. The magnitudes of

pertinent orbital perturbations (solar radiation pressure, atmospheric drag and differential gravity)

are quantified in the following subsections. The worst case scenario is studied to understand

the largest orbit disturbance magnitudes that may be experienced. To quantify orbital pressure,

perturbations are assumed to be distributed over the membrane surface in the normal direction.

Three different configurations of the 2-membrane sandwich structure are considered: orbit

radial, along-track and orbit normal, as illustrated in Figure 3.14. The orbit radial configuration

is defined as the large areas of each membrane to be nadir facing, as shown in Figure 3.14(a). In

the along-track configuration, differential gravity has no effect on the sandwich structure and the

atmospheric drag or solar radiation pressure are considered assuming a worst case alignment of the

incident sun light or atmospheric particles with respect to the outer membrane surface. For the

orbit normal configuration, differential gravity tensions the structure, solar radiation pressure is

assumed worst-case, and drag has no effect.

3.3.1.1 Orbit perturbations in geosynchronous orbits

In the GEO environment, atmospheric drag is not a consideration, but differential gravity

and solar radiation pressure are investigated. The effect of differential gravity depends on the orbit

configuration as this perturbation will tension the structure in the membrane-normal direction in

the radial configuration, compress the structure in the orbit normal configuration, and have no

effect in the along-track configuration.
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Figure 3.14: Possible orbital configurations of the membrane sandwich structure with worst-case
compressive orbital perturbations illustrated.

The linearized differential gravity in the orbit radial configuration illustrated for the 2-

membrane case in Figure 3.14(a) is given by Equation (3.14) where µ is the gravitation parameter,

rc is the radius from Earth, and d is the separation distance of the membranes. [52]. In this con-

figuration the differential gravity force will aid in tensioning the structure, as the plate nearest to

Earth will experience a stronger force due to gravity.

δFg,radial ≈ m
3µ

r3
c

d (3.14)

For this study, mass is estimated from density, ρ and approximate material volume with area, A,

and thickness, t:

m = ρAt (3.15)

75 gauge Aluminum coated Mylar, a possible material to be used for the proposed gossamer space

structure, is used as the baseline material for this study. Thickness and density of this material are

19 microns and 1.40 g/cm3, respectively. The mass contribution of the ribs is neglected here. To

eliminate area dependence in the calculations, the differential pressure is calculated as follows:

δPg,radial =
δFg,radial

A
≈ ρt3µ

r3
c

d (3.16)

For the along-track configuration shown in Figure 3.14(b) (large membrane area aligned with

the velocity direction), the differential gravity force and pressure in the membrane normal direction
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are essentially zero:

δFg,along-track ≈ δPg,along-track ≈ 0 (3.17)

In the orbit normal configuration in Figure 3.14(c) (large membrane area facing the direction of the

angular momentum vector), differential gravity will tend to compress the structure. The free-body

diagram of this setup is shown in Figure 3.17(b). The linearized differential gravity force in this

configuration is given by Eq. (3.18) [52].

δFg,normal ≈ −m
µ

r3
c

d (3.18)

Similarly, the differential gravity pressure is:

δPg,normal =
δFg,normal

A
≈ −ρt µ

r3
c

d (3.19)

The equation for the disturbance force from solar radiation pressure is given by: [53]

PSRP =
FSRP

A
= pSRcR (3.20)

where

pSR = 4.57e−6 N

m2
(3.21)

is the nominal solar pressure at 1 AU from the sun, cR is the reflectivity, and A is the area exposed

to the sun. Note that the solar radiation pressure is independent of separation distance, area and

orbit altitude. This pressure will therefore be identical at LEO and GEO orbits. It is assumed here

that one membrane is fixed and the other membrane is experiencing pressure from solar radiation

across the entire membrane surface. This is an assumption to provide a worst-case scenario of

compression and not to describe the structural design.

These GEO perturbation force magnitudes are illustrated in Figure 3.15 for the three con-

figurations of the 2-membrane sandwich structure. Figure 3.15(a) illustrates that the differential

gravity forces are several orders of magnitude smaller than the solar radiation pressure. This result

differs from the perturbation analysis for Coulomb formation flying or tethered Coulomb structures

in which the differential gravity has a much larger effect. The cause for this difference is that both
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separation distances and masses are orders of magnitude smaller for the gossamer 2-membrane rib

structure. The much larger area to mass ratio causes the solar radiation pressure to dominate.

As a result the tensioning effect of the radial differential gravity term provides negligible relief on

the overall inflationary force requirement. Figure 3.15(b) illustrates that the minimum required

inflationary pressure is a fixed value for the along-track configuration. Figure 3.15(c) shows that

the disturbing pressure magnitudes in the orbit normal configuration are nearly identical to the

radial configuration, with the exception that in the normal configuration, differential gravity tends

to compress the structure instead of providing tension, as in the radial configuration. Again the

solar pressure dominates the required inflationary force for this GEO configuration.
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(c) Orbit Normal Configuration

Figure 3.15: Magnitudes of disturbance pressures in the radial, along-track, and normal configura-
tions at GEO, mass m = 0.01kg

3.3.1.2 Perturbations in Low Earth Orbits

Next, a membrane structure which is flying at LEO altitudes is considered. In addition to

the differential gravity pressures and solar radiation pressure expressed in Equations (3.16), (3.19),

and (3.20), the perturbation from atmospheric drag is also considered. The drag force at these

altitudes cannot be neglected as a perturbation as it may be at GEO altitudes. The force on the

leading plate is calculated with: [53]

FD = −1

2
CDAρv

2
rel

vrel

|vrel|
(3.22)
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Again, to eliminate area dependence, the differential pressure from drag is calculated with:

PD = −1

2
CDρv

2
rel

vrel

|vrel|
(3.23)

This force, however, is only considered for the along-track configuration. Here the large area of

one plate is bombarded by the rarified atmospheric particles, while the other plate is protected in

the wake of the leading plate. The resulting differential drag force on the leading plate tends to

compress the structure. In the orbit radial and normal configurations the differential drag forces

are negligible as no significant area is presented relative to the incoming rarified atmosphere. For

the 2 membrane structure with an area of 0.5 m2 and a mass of 0.01 kg, a study is performed

to determine the altitude at which the drag force diminishes versus the differential solar radiation

forces. Values for atmospheric density are calculated using the MSIS-E-90 Atmospheric Model.

As shown in Figure 3.16, below approximately 500km the atmospheric drag pressure is the

dominating perturbation. Above this altitude, the density becomes too low to have an appreciable

effect. Near and below this altitude, the required charge densities and corresponding potentials to

inflate a membrane structure must take the differential atmospheric drag into careful consideration.

At low altitudes, large area EIMS yield large atmospheric drag forces, thus making it viable as a

deployable drag de-orbiting device.

3.3.2 Two-Membrane Sandwich Structure under Orbital Pressures

The investigation of required electrostatic potential for inflation presented here is limited

to 2-layer gossamer structures in a sandwich-like configuration. This study makes the simplifying

assumption that the outer membranes are flat and rigid, and therefore ignore displacement effects

such as geometric stiffening and interactions between deforming structure and electrostatic forcing.

For simplified modeling purposes, lightweight membrane ribs between the membranes are assumed

to provide tensile forces between the layers of the structure. Additionally, it is assumed that there

is no rotation of the structure. Rather, the work here focuses on disturbances that can cause an

EIMS surface normal compression and investigates what potentials are required to compensate.
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Figure 3.16: Disturbance pressure magnitude as a function of altitude in LEO
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Figure 3.17: Force Diagrams of the EIMS Membrane-Normal Pressures and Forces.

Figure 3.17 shows force diagrams of the disturbance pressures and forces acting on EIMS

for the cases of a disturbance acting on a single membrane (solar radiation or drag) and a dis-
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turbance pressure which compresses both membranes simultaneously (differential gravity). The

solar radiation pressure and drag pressure are assumed to be in a worst-case alignment that causes

compression of the membrane structure. The internal rib structure is shown as holding the system

in tension as the electrostatic pressure causes inflation between the membranes. For the analysis,

failure of the structure is defined as compression of the two membranes due to disturbance pres-

sures. Nominally the internal inflationary forces are larger than the external disturbance forces.

Here the rib forces, FR, are positive and maintain a fixed separation distance, d, thus keeping

EIMS rigid. Unless the external disturbance forces are large enough to cause the rib tensions to

be negative (compressive), EIMS maintains a fixed shape as it translates due to a net external

disturbance. Of interest is what minimum electrostatic potentials are required to compensate for

the membrane-normal orbital disturbance such that separation distance remains constant. At this

critical potential the rib tensions, TR, are zero, just avoiding the shape deformation.

The relationship between the minimum required electrostatic inflation pressure and the or-

bital perturbations is studied by examining the dynamics of the two membrane system shown in

Figure 3.17. For a system with disturbance pressures acting on one membrane only (i.e. solar or

atmospheric drag), the equations of motion for membrane 1 and membrane 2 are:

mẍ1 = Fdisturb,1 − Fe + FR (3.24a)

mẍ2 = m
(
ẍ1 − d̈

)
= mẍ1 = Fe − FR (3.24b)

where m is the membrane mass, Fe is the electrostatic force, FR is the rib force, and Fdisturb,1 is the

one-sided disturbance force. These simplified equations are a good approximation of the first-order

EIMS compression dynamics as EIMS is assumed to not be rotating in this structure. Further,

these equations are also suitable for an EIMS in Earth orbit if the structure is assumed to not

be rotating relative to the local-vertical, local-horizontal (LVLH) frame. If the structure does not

deform due to the external disturbance, the separation distance, d, remains constant. Also, the rib

force, FR will be zero in the case of minimum electrostatic pressure. Substituting Eqs. (3.24a) into
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(3.24b) yields the relationship:

Fe =
Fdisturb,1

2
(3.25)

Because the one-sided disturbance is causing EIMS to accelerate, the electrostatic inflation force

must be half of the disturbance force.The previous scenario applies for solar radiation and atmo-

spheric drag disturbances. For differential gravity disturbances, however, the disturbance pressure

acts on both membranes. By the same approach, the required electrostatic for relationship for this

scenario is found to be:

Fe = Fdisturb,2 (3.26)

This relationship between the forces will be used to determine the minimum required charge

densities and voltages to maintain a constant separation between membranes under the compressive

pressures of worst-case orbital perturbations.

Based on the relationship between the required electrostatic forces and these disturbance

forces is expressed in Equations (3.25) and (3.26), the required pressure expressions are thus ob-

tained for one or two sided disturbances (respectively):

Preq =
PSRP + PD

2
(3.27a)

Preq = Pg (3.27b)

All disturbance pressures (here, equation (3.27a) and (3.27b)) are added and subsequently used in

Equation (3.7) to determine approximate minimum required charge densities at GEO and LEO.

3.3.3 Required voltages for orbital perturbations: 2-membrane EIMS at GEO

example case

To apply the development presented above, an example of the required voltage for a two-

membrane electrostatically inflated structure with 1m2 area in the along-track configuration of a

GEO orbit is considered. To summarize the procedure, first the normal orbital perturbations are
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determined. Using Eqn. (3.7), the determined perturbations yield the required charge density

to maintain inflation. Maxwell 3D is then used to draw appropriate geometries, solve the full

electrostatic field solution, and determine the voltage which yields the required minimum charge

density.

For the given orbit and configuration, the potentials necessary to offset perturbing orbital

pressures are shown in Figure 3.18 for a range of membrane separation distances. From Figure 3.18

it can be seen that the required potential is only on the order of a few hundred volts. This is a

very small voltage compared to the kiloVolt levels that have been achieved through active charging

in GEO. Even natural charging levels at GEO during eclipse can far exceed this level.
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Figure 3.18: Required voltage for offset of compressive orbital perturbations at GEO of a sandwich
structure for a range of separation distances; Area = 1 m2

The relationship between voltage and minimum charge density is shown in Figure 3.19 for

two membranes with areas of 1m2 at a fixed separation distance of 20mm. This plot illustrates how

voltage requirements scale as the orbital perturbation pressures increase from GEO to different

LEO altitudes. Figure 3.19 shows that the relationship between these two parameters appears

linear over the domain of voltages investigated. As the drag increases in lower LEO orbits, the



56

0 0.02 0.04 0.06 0.08 0.1 0.12
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

Minimum Charge Density ( µC/m2)

Vo
lta

ge
 (V

ol
ts

)

To match SRP: 
335 V

To match SRP +
Drag at 300km orbit: 

3.2 kV

To match SRP +
Drag at 400km orbit: 

2.0 kV
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required voltages to offset this pressure remains in the few kilovolt range, which remains below the

previously achieved on-orbit charging levels.

It should be noted that the voltage that would be used to inflate the structure would be greater

than just this equilibrium voltage. These results reflect a minimum that would be necessary to

exactly offset orbital perturbations, but not provide any stiffness beyond this. Additional charging

would be desired to provide more stiffness, which would be especially desirable during attitude

maneuvers which may deform the structure. The procedure described in this paper will also be

applicable to determine the voltages to offset the pressures encountered during attitude maneuvers.

What is important here is that this analysis provides a good estimate of the order of magnitude of

required potentials for maintaining inflation and these required potentials are feasible for charging

in a LEO or GEO environment.
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3.3.4 Electrostatic inflation of a membrane sphere under orbital perturbations

Similar to the above study for the 2-membrane structure, a study was performed to under-

stand the voltage requirements for an electrostatically inflated sphere to offset orbital perturbation

which may tend to collapse the structure. The two orbit perturbations which may affect a spherical

EIMS are solar radiation pressure and atmospheric drag.

Using the mathematical development from the above section for the electrostatic sphere,

inflation pressures are studied as compared to orbital perturbation magnitudes. Figure 3.20 illus-

trates the relationship between voltage and resulting inflation pressure for a 1-meter sphere. For

comparison, the magnitude of the perturbing pressure of solar radiation is shown. The voltage

required to overcome solar radiation pressure is only approximately 1.2 kV, a feasible magnitude,

especially for GEO orbits.
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Figure 3.20: Electrostatic inflation pressure and voltage relationship for a 1-meter sphere

Examining the required pressure to offset solar radiation pressure across a range of sphere

radii, it is seen that the required voltage remains feasible up to large craft sizes. This is shown in

Figure 3.21.

Again, these quick calculations for required voltage consider only the minimum inflation
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Figure 3.21: Voltage required to offset solar radiation pressure for a range of sphere sizes

pressure required. For stiffness purposes, the desired voltages would be higher. It will be necessary

in the future to study the effect of attitude maneuvers on the inflated structure. For now, it is

assumed that an attitude maneuver could collapse the structure, but re-inflation would take place

upon the completion of the maneuver. The tolerance of motion in response to a maneuver will

relate to mission requirements.

3.3.5 Electrostatic inflation of a cantilever cylinder under orbital perturbations

In this section, an inflated cantilever tube undergoing a perturbation is considered. The aim

is to find an appropriate value for inflation pressure and subsequently the required voltage that

is needed to withstand the perturbation to some maximum deflection. A method based on a gas

inflated cylinder is used as the approach to estimate required electrostatic pressure.

Reference 54 presents an approach for a gas-inflated membrane based on the Timoshenko

beam model that uses finite rotation kinematics. An example is presented of the bending of

the cantilever beam which is extended to the electrostatic inflation scenario. While pressures

for gas inflation are considerably larger than with electrostatic inflation, the assumptions in the
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development are still met.

The equations in Reference 54 are derived from virtual work principles for the inflatable

beam undergoing bending in the xy-plane with inflation pressure and an external load acting in

combination. [54]. An illustration of the problem is shown in Figure 3.22.
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Figure 3.22: Diagram of cantilever tube geometry

It is assumed that some disturbance force is acting at the end of the pressurized tube. The

equation for deflection, y, of a cylindrical tube inflated to pressure P and subjected to force F is

given in Equation (3.28).

y(x) =
F

(E + P/S0)I0

(
l0x

2

2
− x3

6

)
+

Fx

P + kGS0
(3.28)

where S0 is the cross sectional area;

S0 = π(R2 −R2
inner) (3.29)

G is the location of the centroid;

G =
L

2
(3.30)

and I0 is the second moment of area:

I0 = π

(
R4

4
− R4

inner

4

)
(3.31)
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For this analysis, the deflection at the tip is of interest, therefore the equation can be simplified to

Equation (3.32).

y(x) =
Fl30

3(E + P/S0)I0
+

Fl0
P + kGS0

(3.32)

Notice that the pressure is included in the denominator of both terms. This reflects that the

inflation pressure is modifying both the Young modulus and the shear modulus. [54] The parameter

k is the correction shear coefficient. From reference 54, this value is found in literature and a value

of 0.5 corresponds to a thin circular tube.

If some maximum deflection is chosen (for example based on mission requirements), the

pressure can be solved for using a root solving program, such as mathematica. With the required

pressure quantified, Equation (3.7) is used to determine the required minimum charge density.

Maxwell 3D is subsequently used to related the charge density requirement to a voltage requirement,

which is the end goal of the procedure.

An example analysis is provided here to illustrate the procedure. Values for the elastic

modulus and thickness are based on the typical membrane materials considered for EIMS. The

geometry of a thin walled cylinder is used to calculate surface area (S0) and second moment of area

(I0). These and other chosen geometric parameters are shown in Table 3.1.

Table 3.1: EIMS cylindrical tube geometric simulation parameters

Parameter Value

Elastic Modulus 3e-9
k 0.5

Thickness 20 µm
Length 0.5 m
Radius 0.04 m

A disturbance force of 1 mN is chosen for this simulation. An allowable deflection is chosen

arbitrarily to be one tenth of the length of the cylinder. For these parameters, Mathematica is used

to solve for a value of the pressure. Two solutions are yielded and the positive value is the result

for required inflation pressure.
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For the simulation using the parameters of Table 3.1, allowing a deflection of L/10 (5 cm)

from an applied end load of 1 mN, the required inflation pressure is 0.01 Pa. This pressure value

corresponds to a charge density of 8.85e-12 C/m2. This does however, assume a uniform inflation

pressure. Since the charge distribution and thus inflation pressure are non-uniform, the required

charge density is a minimum for anywhere on the cylinder. This can be determined using Maxwell

3D, which shows that a voltage of 4.3 kV is required to have the determined minimum charge

density. The results are summarized in Table 3.2.

Table 3.2: EIMS cylindrical tube simulation results

Parameter Value

Force 1 mN
Pressure 0.1 Pa

Charge Density 8.85e-12 C/m2

Voltage 4.3 kV

This simulation shows that an electrostatically inflated cylinder can withstand significant

disturbance pressures. It is noted that the required pressure and voltage are very sensitive to

the allowable deflection at the tip of the cylinder. More leniency in this requirement eases the

required voltage significantly. It should be noted, however, that Equations (3.28) or (3.32) are

linearized and must follow the assumption of small deflections. It is also considered that during a

large disturbance, such as an attitude maneuver, the EIMS could be allowed to deform significantly

and then return to the nominal configuration post-maneuver. This would further relax the voltage

requirements for inflation.



Chapter 4

EIMS operating in a space plasma

This chapter addresses topics related to the second research question: what are necessary

conditions for a meter-scale structure to maintain shape via electrostatic inflation in a plasma. In

thi1er, the effect of the plasma on the electrostatic forces which enable the inflation of EIMS is

considered. First, the Debye shielding phenomena is reviewed. Based on the Debye shielding effects,

EIMS applicability in different orbit regions is discussed. While the plasma at geosynchronous

altitude has little effect on employing electrostatic inflation, the low earth orbit plasma presents

challenges for EIMS due to the strong shielding effects of the dense plasma. Then, an assumption

made in the classical Debye shielding development is reviewed and it is shown through numerical

simulation that actual electrostatic shielding is less than predicted when high spacecraft potentials

are employed. This phenomena is termed ‘effective’ Debye shielding and trends are explored based

on craft size, craft potential, and plasma conditions. Effective Debye lengths can be orders of

magnitude larger in LEO and also significantly larger in GEO. Lastly, the effect of a charge flux on

an inflated membrane structure are explored through experiment. Experiments show that EIMS can

remain as a stable structure in a charge wake, though interesting structure-charge flux vibrations

were observed.

4.1 The Plasma Environment of Effects on EIMS

The space environment is not a pure vacuum, rather it is occupied by charged particles in

the state of a plasma. This environment exists because the energy of gases exceeds the ionization
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energy, thus resulting in an ionized gas of free electrons and ions [55]. The plasma affects spacecraft

both by causing spacecraft to attain non-zero potentials (described further in Chapter 5) and by

shielding the potential around the craft. A variety of plasma conditions exist depending on orbit

altitude or location in the solar system.

4.1.1 Debye Shielding

In the plasma environment of space, electrons and ions rearrange in the presence of a dis-

turbing electric field to maintain macroscopic neutrality [20]. This phenomena, known as Debye

shielding, will effectively shield the electrostatic field of a charged object in a plasma, such as an

electrostatically inflated structure. To determine the potential near a charged object in a plasma,

the number density of charged particles must be known. An expression for the electron density and

ion density are given in Eqs. (4.1) [20], where k is the Boltzmann constant, T is temperature, φ is

the potential due to a charge, and n0 is a constant particle density where ne (∞) = ni (∞) = n0.

ne = n0e
eφ
kTe (4.1a)

ni = n0e
− eφ
kTi (4.1b)

Using these definitions for particle number densities, the electrostatic potential is given by Gauss’s

law:

∇2φ = − ρ
ε0

=
n0e

ε0

(
e−

eφ
kT − e

eφ
kT

)
(4.2)

This classical development continues under the assumption that the potential energy of the

field is much smaller than the kinetic energy of the particles, or (eφ� kT ). This assumption yields

the simplified expression:

∇2φ =
2

λD
φ (4.3)

where the parameter, λD is the Debye Length. The Debye length describes the distance at which a

charge is essentially shielded by the plasma if (eφ� kT ) is true. The Debye length is determined

by plasma conditions through:

λD =

(
ε0kT

nee2

) 1
2

(4.4)
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where e is the elementary charge. This particular form of the Debye length computation assumes

that the negative plasma electrons dominate the electrostatic charge shielding. Table 4.1 shows

nominal Debye lengths at LEO and GEO. The GEO parameters are based on measurements from

the ATS spacecraft (References 56 and 57). The LEO data is taken from Reference 31.

Table 4.1: Representative GEO & LEO single Maxwellian plasma parameters and Debye lengths

Conditions Te ne λD
[eV] [cm−3] [m]

LEO Nominal 0.2 1× 105 0.01
GEO Nominal 900 1.25 200

The simplified form of Poisson’s equation (Equation (4.3)) has a well known analytical solu-

tion for the potential in a plasma surrounding a point charge, q, (or a charged sphere with total

charge q) in spherical coordinates given by:

φ =
kcq

r
e
− r
λD (4.5)

This equation can be compared to the Laplace (or vacuum) potential equation, which is the limit

of the Debye potential equation for large Debye lengths:

φ = kc
q

r
(4.6)

Taking the gradient of the potential function of Eq. (4.5) yields the spherically symmetric

electrostatic field for r ≥ R:

E = −∇φ =
kcq

r2
e
− r
λD

[
1 +

r

λD

]
(4.7)

As is the potential, the electrostatic field of a charged body in a plasma is also bound by the lower

limit of this Debye-Hückel field and the upper limit of the vacuum field.

The Debye shielded electrostatic force experienced by a 2nd point charge q2 (due to point

charge q1)is derived by taking the gradient of Equation (4.5):

F = ∇φ · q =
kcq1q2

r2
e
− r
λD

[
1 +

r

λD

]
(4.8)
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While this force computation is only valid for point charges, and not the flat membrane models

considered in this research, Eq. (4.8) provides insight into how the plasma Debye length can limit

the electrostatic actuation. No simple analytical expression describes the electrostatic force between

two plates, therefore numerical simulations of plasma conditions will be required for these more

complex geometries.

It should be noted that the force is a function of the gradient of the potential. Therefore

if there is a steep gradient in potential due to aggressive Debye shielding, the electrostatic force

can actually be larger than the vacuum force. The increase in force may be beneficial for EIMS

operating at very close distances.

4.1.2 Orbit Regions Applicable for Electrostatic Inflation

Debye shielding can have a significant impact on the use of electrostatics in a plasma en-

vironment. In the Low Earth Orbit region, Debye lengths are typically on the order of milli- or

centimeters, depending on the orbit altitude. Table 4.2 shows the extremes of Debye lengths ex-

perienced in LEO at an orbit altitude of approximately 350 km, as predicted by the International

Reference Ionosphere model and reported in Reference 58.

In earlier work on Coulomb control of free-flying charged spacecraft, or the electrostatic

deployment of tethered Coulomb structure concepts over several meters, this aggressive Debye

shielding prevents such concepts from being considered at LEO. [32,52] However, with the electro-

statically inflated membrane structures, even with surface areas of multiple square meters, the

electrostatic force only has to occur across the membrane layer separation distance d which can be

on the order of centimeters. If the separation distance between the membrane layers of a sandwich

structure in LEO is greater than a few millimeters or centimeters, or of the order of the local Debye

length, then the membranes would not experience a significant electrostatic force and the inflation

concept would not be feasible. This argument assumes that the membrane potential φ satisfies

the condition that (eφ� kT ). It has been shown that high potentials which violate this condition

yield reduced Debye shielding effects, with LEO Debye Lengths raised to several decimeters, [59] as
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is further explained in the following section. Thus, if small membrane separations, d, of less than

a centimeter are assumed, then even with the aggressive Debye shielding assumptions electrostatic

inflation is still feasible at LEO.

Dissimilar to earlier work on free-flying charged spacecraft where the formation size is directly

limited by the electrostatic force drop off with separation distance, the membrane structure can scale

to comparatively large dimensions. With EIMS, it is not necessary for the electrostatic repulsion to

occur across the entire membrane surface with width and length dimensions on the order of meters,

only across the much smaller separation distance d with dimensions of centimeters.

In the GEO regime, the Debye length is generally on the order of hundreds of meters. How-

ever, these values vary drastically with the solar storm activities heating up part of the plasma

sheath, or pushing the lower and colder plasma pause conditions into the GEO altitudes. [60,61] The

upper and lower bounds of possible geostationary Debye length values are shown in Table 4.2, as

well as the nominal value. These Debye lengths are based on observations from the ATS-5 and

ATS-6 spacecraft given in References 56 and 57. The small separation distances between proposed

membrane structures compared to the comparatively large Debye lengths yield nearly negligible

effects from the shielding. This is true even for the very worst GEO plasma weather conditions

being considered.

The LEO Debye lengths [62] illustrate that electrostatic inflation will require small membrane

separation distances. However, because the potentials (kilovolts) are large in comparison to the cold

LEO plasma temperatures, the effective Debye lengths are multiple times larger. These values do

not indicate that EIMS is feasible at LEO, but it can be considered if a compatible set of potentials

and separation distances are used.

Table 4.2: Range of Feasible Plasma Debye Lengths

Smallest λD Nominal λD Largest λD
LEO Environment 0.002 m 0.005 m 0.013 m
GEO Environment 4 m 200 m 743 m
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4.2 Effective Debye Shielding

The Debye-Hückel potential field is an analytic expression that is derived by assuming eV �

kT holds. Table 4.1 quantifies the spacecraft surface potential required to match the plasma thermal

energy, i.e. eV = kT .

Table 4.3: Craft voltages violating the (eV � kT ) assumption

Plasma conditions Debye length [m] Craft potential [V]

LEO Nominal 0.01 0.2
GEO Quiet 4 3
GEO Nominal 200 900

If the craft potential is much less than plasma energy (eV � kT ), than the Debye-Hückel

model of Eq. (4.5) is a good approximation. If the craft potential is significantly greater than the

plasma (eV � kT ), then the plasma-based potential field is actually closer to the vacuum model

of Eq. (4.6).

For electrostatic inflation and other Coulomb applications in GEO and LEO orbit regimes,

the (eV � kT ) assumption in the analytical development of the Debye-Hückel potential is quickly

violated. The Debye-Hückel potential of Eq. (4.5) serves as a lower bound for the actual potential

decay from a charged body in a plasma while the the Laplace potential of Eq. (4.6) serves as

an upper bound. One method to analytically compute the force within this range with higher

accuracy is with an effective Debye length, as proposed in Reference 63 for the charged asteroid

scenario. Murdoch in Reference 63 computes effective Debye lengths for analyzing the capabilities

of orbit altering and impact deflection of a NEO asteroid. Their study indicates, with particular

examples, that the Coulomb application works best for 100 m size NEO, charges of 20 kV and

mission durations up to 20 years. In this NEO application the interplanetary Debye length is 7.4

m, however with potentials up to 20 kV, Murdoch calculates that the effective Debye lengths can be

as great as 349 m. [63] This is a scaling increase of approximately 50, and can result in significantly

less plasma shielding of the Coulomb forces.
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This effective Debye length study by Murdoch is used as a basis here to analyze the force

production in a plasma for small spacecraft operating in close proximities in Earth orbit plasmas.

This effective Debye length is larger than the true Debye length and consequently reduces the

screening of the potential field. For charged craft in the dense plasma of LEO it is shown that the

effective Debye lengths are scaled to the meter level. It is demonstrated that this improves the

Coulomb force magnitudes and makes them viable for applications such as inflation of membranes

at centimeter level separations.

To incorporate the effects of high voltage bodies on the local plasma, the effective Debye

length (λ̄D) simply replaces the classical Debye length in the electrostatic force equations. This

effective Debye length is linearly proportional to the Debye length using a scaling parameter α

using the relationship:

λ̄D = αλD (4.9)

The effective Debye length, given in Eq. (4.9), is numerically computed based on plasma

conditions, craft size, and potential as demonstrated in Reference 63. The benefit of the approach

using this effective Debye length is that it allows efficient analytic force computations with improved

accuracy.

In this study, the effective Debye lengths are obtained from numerical solutions of the Poisson-

Vlasov equation in the OML (Orbit Motion Limited) limit. Solutions are obtained for the E-field

surrounding a charged sphere in a plasma. An α scalar value described by Eq. (4.9) is determined

by fitting an effective Debye shielded E-field model to the numerical solution across distances up to

several Debye lengths from the sphere. The E-field model used is based on Eq. (4.7), using effective

Debye lengths:

E =
kcq

r2
e
− r
αλD

[
1 +

r

αλD

]
(4.10)

The effective Debye length is computed for force computations in Earth plasmas for a range

of craft sizes and craft potentials. The nominal GEO plasma conditions are not investigated as

the plasma shielding in a Debye length of 200 m is minimal and the Debye-Hückel model closely
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resembles the vacuum values.

4.2.1 Effective Debye Length Trends

Factors which affect the effective Debye length include the plasma Debye length, craft radius,

and the voltage level on the craft. Numerical simulations were performed using ranges of each of

these parameters to understand the trends in α-parameter. Figure 4.1(a) displays the variation of

the α factor over a range of craft sizes and craft voltages.

(a) Craft diameter and potential in a fixed quiet plasma
(λD = 4)

(b) Craft potential and Debye length for a fixed diameter
of 1 m

Figure 4.1: Trends in Alpha parameter for effective Debye lengths in a GEO plasma

Figure 4.1(a) clearly illustrates that larger craft radii and higher potentials yield larger ef-

fective Debye lengths. The craft voltage trend occurs because as the assumption (eφ� kT ) is

further violated, the shielding is reduced. There exist limitations on craft voltage due to power

requirements and limitations on craft size due to launch constraints, but this study demonstrates

that electrostatic forces are more effective with larger craft and higher potentials.

Figure 4.1(b) shows the variation of the effective shielding parameter as a function of Debye

length and craft voltage for a sphere with a 1m diameter. The extreme case of a quiet GEO plasma

Debye length near 4 m and a high craft voltage of 30 kV, the effective Debye length is more than

5 times the predicted Debye length. As the Debye length approaches 100 m, the effective Debye

length is close to the predicted Debye-Hückel Debye length, therefore α approaches a value of one.
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With a Debye length of 100 m, the Debye shielded force is nearly the same as the vacuum force at

distances on the order of a few tens of meters. Interpolation of the data shown on these plots can

be used to determine the effective Debye lengths for different combinations of craft voltage, Debye

lengths, and craft sizes.

4.2.2 GEO Effective Debye Lengths

In this section, electrostatic fields surrounding a charged craft in a quiet GEO plasma are

examined in more detail. Figure 4.2 compares the vacuum E-field, the analytical E-field model using

both classic Debye length and the effective Debye length, and the numerical simulation results. Two

cases are illustrated: craft voltage of 1kV (top) and a craft voltage of 30kV (bottom). In both cases,

the numerical solution has a stronger E-field than classically predicted, but have an upper bound of

the Laplace potential of Eq. (4.6) (vacuum case). As the craft voltage increases, the actual E-field

values stray further from the the classic Debye-Hückel model and approach the vacuum E-field.

4.2.2.1 Parametric α-Parameter Relationship

For Coulomb force modeling, a parametric relationship between the effective Debye length

α-parameter and input parameters of craft voltage and craft diameter is desired. This allows for

quick modeling of the E-fields or forces surrounding the craft with improved accuracy from classic

Debye length solutions.

A nonlinear model in the form of V · poly(VC , DC) + (1 + eV ) · poly(VC , DC) was fit to α-

parameter values across a a range of craft voltages sizes for the quiet GEO Debye. The coefficient

of determination, R2, was used to measure the goodness of fit for the model. A nonlinear fit of the

alpha parameter data is shown in Eq. (4.11) as a function of craft voltage, VC and craft diameter,

DC . The R2 value of this fit is 0.995, very near the maximum value of 1, therefore this model

was considered a satisfactory prediction of the alpha parameter for effective Debye lengths. The

regression equation is as follows:
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α = 1.8
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Figure 4.2: Comparison of classic E-field models with the effective Debye model; GEO plasma,
λD = 4m

α = 1 + 0.490VC − 0.00322V 2
C + 0.00446VCDC+(

1− e−0.576VC
)

(−0.1045− 0.289VC + 1.086DC)

(4.11)

This nonlinear model forces the α parameter to converge to a value of 1 as the craft voltage

approaches zero. As the voltage approaches zero, the (eφ� kT ) rule is no longer violated, thus

the classic Debye-Hückel model is satisfactory for predicting E-fields and forces. The form of this

nonlinear model was chosen as a combination of a quadratic polynomial term, which well models

the behaviors at higher voltages (5 - 30 kV), and an exponential term which models the low voltage

behavior as α converges to one. This equation is beneficial as a quick evaluation of how much the

Debye length should be modified to account for the (eφ� kT ) violation when considering Coulomb

spacecraft applications.
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4.2.2.2 Illustration of Results

To illustrate the results of the parametric relationship of Equation (4.11), a surface plot is

shown in Figure 4.3. This plot displays the alpha parameter data as a colored surface, with the fit

model shown as a mesh surface. In this figure, it can be seen that the model closely matches the

behavior of the data.

Figure 4.3: Alpha parameter values and surface plot of regression (Equation (4.11)) for Quiet GEO
plasma conditions, λD = 4; colored surface represents data and mesh represents fit surface

4.2.3 LEO Effective Debye Lengths

In the same procedure as described for determining the GEO effective Debye length, effective

Debye lengths at LEO are investigated. As seen in Table 4.1, the nominal LEO Debye length is on

the order of one centimeter. This small distance limits the feasibility of electrostatic actuation for

Coulomb formation flying or tethered Coulomb applications. Other applications of electrostatics in

LEO may however be feasible, for example electrostatically inflated membrane structures. These

structures use electrostatic forces between layers of conducting membranes as the source of inflation

pressure. The distances over which the electrostatic force acts is much smaller, likely on the order

of a few centimeters. As shown in Table 4.3, eV = kT at a craft voltage of 0.2V, therefore any
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Coulomb application with kilovolts of potentials will clearly violate the Debye-Hückel assumption.

It is important to understand if the violation of eV � kT will aid in electrostatic inflation or other

small separation distance Coulomb applications.
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Figure 4.4: Comparison of classic E-field models with the effective Debye model; LEO plasma,
λD = 0.011m, VC = 5kV

Figure 4.4 illustrates the E-field models compared to numerical field results for a LEO plasma

environment. The classic Debye length E-field model is not a good approximation of the numeric

solution. As an improvement to the classic Debye length results, an effective Debye length analytical

model was fit to the data for distances up to approximately two effective Debye lengths (α=24 for

illustrated case). The scaling factors at LEO proved to be significantly larger than those at GEO,

representing significantly less plasma partial shielding of the Coulomb forces. The LEO effective

Debye lengths are on the order of several decimeters to a meter, as opposed to the centimeter

level classic Debye lengths. This shielding reduction improves the Coulomb forces magnitudes and

makes them viable for applications such as inflation of membranes at cm level separations.
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The approach presented for modeling the effective Debye lengths provided good results at

voltages in the range of 5kV to 30kV, the voltage range which would be employed for Coulomb

applications. At lower voltages, the Debye-Hückel model could not be reasonably fit to the numer-

ical solutions solely by using an effective Debye length. Other models would need to be considered

for modeling voltages below 5 kV. The α values found in the 5kV to 30kV range are shown in

Figure 4.5 for a range of crafti sizes and craft voltages. Interestingly, the α-parameter is nearly

constant across the voltage levels, which was not the trend for the GEO case. This indicates that

the effective Debye lengths converge to a limit as eV < kT is strongly exceeded. As seen in the

plot, the relationship across craft diameters is nearly linear. A linear model is fit to this data with

an R2 value of 0.994. The expression for this linear model for calculating the α-parameter in this

voltage range is:

α = 7.028− 0.031VC + 42.314DC (4.12)

Figure 4.5: Alpha parameter values and surface plot of regression (Equation (4.12)) for LEO plasma
conditions, λD = 0.011; colored surface represents data and mesh represents fit surface

At LEO altitudes, the dense plasma can have interactions with the charged body that affect

the potential. It is important to note that other plasma mechanisms, such as wake effects, are not

being considered in this analysis.

In summary, classical Debye length models are quickly violated for charged craft in LEO and
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also in quiet GEO conditions. Numerical simulations allows for a more accurate solution to the

forces and a modified ‘effective’ Debye length can be defined to allow quick use of the analytical

equations by direct substitution into the Debye-Hückel Coulomb force model. These effective Debye

lengths are calculated for GEO and show that the effective Debye length can be from several times

larger than the calculated Debye length for the applications of Coulomb formation flying. In LEO

plasma conditions, the ‘effective’ Debye length can be more than an order of magnitude larger than

the classically predicted Debye length. The LEO effective Debye lengths can therefore be up to the

meter level, and the resulting Coulomb force improvement from reduced shielding may allow for

LEO Coulomb spacecraft applications such as inflation of membranes at cm level separations.

4.3 Charge Flux Interactions with EIMS

In this section we consider the scenario in which either EIMS is flowing through a plasma

(in LEO, spacecraft velocities exceed ion velocities) or a plasma flowing around an EIMS. It is of

interest for general applications of EIMS to understand the behavior of the particle flows and the

response of structure. It is important to understand both how charged particles contact and deflect

around the structure and if the structure remains stable. The charge deflection capability of the

charged membranes leads to the interesting idea of EIMS for active radiation shielding, which is

briefly discussed at the end of this section.

4.3.1 Charge Flux Experiments

For application of the EIMS concept, it is important to understand how the a charge flux

from the local space environment interacts with a charged membrane structure. In particular, does

the structure remain inflated and stable in the presence of a charge flux? Experiments with an

electron emission source and charge detector in a vacuum chamber allow study of the charge flow

around an electrostatically inflated membrane structure and the observation of structural stability.

Here, the aim of experiments is not to try to simulate realistic space plasma conditions, but to

begin to understand charged membrane structure and charged particle interactions. Experiments
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were performed to study the charge deflection patterns, the charge shielding capabilities, and the

stability of and interaction with the membrane structure.

4.3.1.1 Charge Flux Experiment Hardware Setup

The setup for the charge flux experiments includes an electron gun at one end of a vacuum

chamber and a Faraday cup positioned behind a membrane structure at the opposite end of the

chamber. The electron gun emits electrons and the Faraday cup measures the current, allowing

observation of the flow of electrons around an EIMS structure and providing insight into how an

EIMS structure can be used for charge shielding. The EIMS structure is charged with a high voltage

power supply system external to the vacuum chamber. The concept is illustrated in Figure 4.6.

High-Voltage Power Supply 
with current readout

Electron 
Flux Source

Electron Flux 
Sensor

30cm x 60cm 
Vacuum Chamber

charged EIMS 
system

repulsive electrostatic force 
field to deflect charge flux

Figure 4.6: Concept illustration for the charge flux experimental setup

Figure 4.7(a) shows the constructed electron emitter. The filament is heated, electrons are

thermionically emitted and then accelerated off by the electrostatic field between the biased filament

and the grounded wire mesh. The filament is constructed of 5mil coiled Tungsten wire. The length

of the Tungsten wire is chosen based on the resistivity of the metal, ρ, and the electrical resistance,

R. The resistivity of Tungsten near the melting point is approximately 10−6 Ohm-meters and the

electrical resistance was measured in the lab to be 2-3 Ohms. Using the below equation, the 5 mil

wire (cross sectional area, A=1.3e-8) could have a length, l, of approximately 3.8 cm.
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l = R
A

ρ
(4.13)

The current emitted from the tungsten coil can be tuned by the AC current level passing

through the wire. The higher the AC current supplied to the coil, the higher the temperature,

thus more electrons are thermionically emitted and can be accelerated toward the grid. The high

voltage power supply providing the DC bias to the coil is current-limited at 5 mA, therefore the

maximum emission current is 5 mA.

The FC-70 Faraday cup is a device to detect current within the vacuum chamber. The

detector has a small aperture into which electrons can flow to measure the ambient current. The FC-

70, shown in Figure 4.7(b) is mounted onto a rotatable vacuum feedthrough probe. The rotatable

probe allows the Faraday cup to sweep through an angular range of approximately 120o, thus

providing positioning both behind and to each side of the membrane structure. The output of the

Faraday cup is connected to a digital multimeter with DC current resolution to picoAmperes. A

battery is located in the path between the nano-ammeter and the Faraday cup. The battery is a

combination of the two 9 Volt batteries connected in series to bias the Faraday cup by 18 V. This

small voltage helps to eliminate low-energy secondary electrons from entering the aperture of the

Faraday cup.

For reference, a more detailed diagram of this hardware setup is shown in Figure 4.8.

(a) Electron gun filament and grid (b) Mounted faraday with collar for attachment to vac-
uum feedthrough

Figure 4.7: Charge deflection experiment hardware
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Figure 4.8: Detailed experimental setup for charge flux hardware

4.3.1.2 Electo-mechanical Vibrations

One of the purposes of the vacuum charge flux experiments is to identify any interesting

structure/charge interactions. Experiments have shown that the structure is stable, in the sense

that it does not collapse or undergo major shape changes, in all of the ranges of particle flows

created. Interestingly, structural vibrations were discovered when the structure is charged and the

electron gun is emitting a flow of electrons. To observe the vibrations, the membrane structure

must be electrostatically inflated while the electron gun is emitting electrons. No vibrations are

present with an uncharged membrane structure in the electron flux.

These vibrations are seen at both very low currents and the currents near the maximum of

5mA. The vibrations, however, are not seen through the full sweep of currents. The vibrations,

however, are not seen through the full sweep of currents. Rather, at particular charge flux and

electrostatically inflationary pressure combinations a resonance-like vibration appears. If the EIMS
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voltage is change upwards or downwards, the vibrations can cease until new critical conditions are

achieved. Similar patterns are seen for the full range of membrane structure voltages (0 to 10 kV)

and electron energies (0 to 5 keV).

Figure 4.9 is shown to convey the magnitude of vibrations in the structure. It is difficult to

capture the small oscillations, but a difference can be seen in the membrane shadows of Figure 4.9.

(a) Slightly expanded position during vibration (b) Slightly deflated position during vibration

Figure 4.9: Video snapshots to illustrate magnitude of structural oscillation; As shown by arrows,
difference enhanced in shadow

A Strobotac stroboscope was used to determine the frequency of the structural vibrations.

Often, there are several different vibration frequencies present at a given instant. This indicates

a complex ripple of vibrations is present as small shape changes occur, not just a single standing

vibration. Also, rather than remaining constant, the vibrations appear to have a beat-like frequency,

with larger vibrations coming in intermittent pulses. The frequencies measured are around the 4

Hz range with the highest frequency vibrations at the upper limits of the structure voltage (10

kV), electron energy (5 keV) and emitted current (5 mA). Several different shapes of membrane

structure, including a pre-tensioned membrane structure (shown in Figure 4.10 were also used

to further investigate the vibrations. The stroboscope was used to determine the approximate

frequency of vibrations in the pre-tensioned structure and vibrations are found to be near 8 Hz,

approximately twice the frequency of the previous unweighted structures. The vibrations are also
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Figure 4.10: Pre-tensioned membrane structure for studying vibrations

more consistent through the entire membrane.

Several speculated sources of the vibrations have been investigated and eliminated. First, it is

possible that the deflected charge flux imparts a sufficiently large momentum exchange with EIMS

to cause this rippling. To investigate this possible cause, experiments with a single membrane sheet

were performed. None of the single-sheet experiments, charged or not charged, showed any visible

vibrations, even sweeping through all feasible electron energies and all electron currents. These

results suggest that the vibrations are un-likely caused by a transfer of momentum. Otherwise,

vibrations or deflections would have been seen with single sheet experiments.

Secondly, the electron flux itself could be a source of these vibrations if the electron gun

emitted flux is not steady, but has frequencies near 4Hz. To investigate this possible vibration

cause, the electron flow output signal from the emitting gun is studied with an oscilloscope. The

Fourier transform function of the oscilloscope is used to determine frequencies present in the driving

current signal. The only significant frequencies present were the power line frequency of 60 Hz and
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a very high frequency in the kiloHertz range. Neither of these frequencies are in the 4Hz range of

the observed structure vibrations.

Thirdly, fluctuations in the EIMS external power supply performance could cause EIMS

vibrations. In essence, if the actual EIMS voltage is not held steady, but cycles in the presence of the

external charge flux, then these voltage variations would directly results in the electrostatic inflation

pressure varying. As a result, the EIMS structure would slightly deflate and inflate. An oscilloscope

is used to examine the output of the power supply which charges the membrane structure. The

power supply has an internal feedback loop to ensure a digitally commanded reference voltage level

is maintained. The measured output signal provides a measurement of how well this voltage is being

held constant. It was speculated that the power supply may be overcompensating as the external

charges from the electron gun change the charge on the structure. It was found, however, that

the power supply output frequencies, with and without the EIMS vibrations present, showed no

significant difference. In fact, the power supply fluctuations were very small, barely observable, and

more than an order of magnitude larger than the observed EIMS vibrations. Thus, it is concluded

that the power supply did not provide first order contributions to the EIMS vibrations. Otherwise,

output power variations during EIMS vibrations would leave a unique fingerprint.

The elimination of several possible sources of the vibrations has lead us to believe that the

vibrations are due to a coupling between the changing electrostatic fields surrounding the structure

and the flow of electrons to and around the structure. The hypothesis is that the membrane surface

vibration is a result of local surface charge density variations causes by the charge flux. As the

charge density varies, then the local electrostatic inflation also changes. Since the EIMS system is

in an equilibrium between the 1-g gravitational forces attempting to compress the structure, and

the electrostatic pressure inflating the structure, a small change in electrostatic pressure will negate

this equilibrium and result in a local shape deformation, outward or inward. This shape change, in

return, will cause a change in the surface normal electrostatic field which impact the near-surface

charge flux.

Analytically or numerically describing this phenomena was beyond the scope of these studies.
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It remains as future research to understand this complex charge flux and membrane structural

fluttering phenomena. Further, note that this hypothesis requires the structure shape to be in

an equilibrium between competing electrostatic pressure and compressing gravity forces. This

raises the question if such EIMS vibrations would manifest if the structure were in space. If the

electrostatic pressures are sufficiently large, here the shape inflation is not limited by gravity, but

by internal support structure and membrane surface tension. Thus, a loss in pressure will not result

in a shape change until the pressure is less than an externally compressing perturbation. In the

absence of gravity, a gravity-like perturbation must still be considered if the structure is accelerated

through an orbital maneuver.

In summary, an interesting phenomena of structural vibrations was discovered between a

charged membrane structure and a charged particle flow. A series of diagnostic tests were performed

to eliminate sources of the vibrations, leading to a conclusion that the vibrations are caused by

a coupling between the changing electrostatic fields surrounding the structure and the flow of

electrons to and around the structure.

4.3.2 Charge Deflection with Electrostatic Structures

A charged object in the path of a charged particle will change the particles trajectory, depend-

ing on the magnitudes of the particle and charged object. This principle suggests an interesting

application of an EIMS system to deflect charged particles in space, for example as a radiation

shielding device to help enable human space travel. The electrostatically inflated membrane struc-

ture is envisioned as a lightweight structure which can act as shield to charged particles. Of interest

here are how the shape and dynamic response of EIMS affects the pattern of charge deflection for

a flux of electrons.

Radiation shielding is an important problem in space exploration activities. The dangers of

radiation must be understood and protection incorporated into any space travel, especially that

of long duration and travel beyond Low Earth Orbit. Radiation shielding can be accomplished

with passive or active methods, or a combination of the two. One drawback of passive shielding
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is the mass of thick materials required for adequate radiation safety. Use of electrostatic fields,

illustrated in Figure 4.11, is one active method which provides an alternative to bulk material

passive shielding. [64]

Safezone

Electrostatic 
Force Fields

Charge Flux due to 
Solar Flare events 
or Cosmic radiation

Lightweight 
Electrostatically 

Supported Gossamer 
Membrane Structures

Figure 4.11: Concept illustration of radiation shielding with an electrostatically charged structure

Other forms of active shielding include plasma shields, confined magnetic fields, and un-

confined magnetic fields. [65] Some of the challenges of active electrostatic shielding, such as high

potentials and size limitations due to electrical breakdown, have deterred further research on the

subject. [10] In Reference 10, Tripathi challenges the claim that electrostatic shielding may be un-

suitable and explores a design for radiation shielding. The charged 10-sphere design may require

potentials of up to 300 Megavolts, and would be used in conjunction with passive material shield-

ing. The ability to achieve 300 MV potential level, however, especially for a space-based system,

is not currently within the realm of technology. In this research, only potentials in the tens of

kilovolts have been explored, therefore investigating the feasibility of EIMS potentials beyond tens

of kilovolts remains as future work.
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4.3.2.1 Low Energy Charge Deflection

Experiments with a charged structure in the electron stream were performed to understand

the charge flow patterns around the electrostatically inflated membranes and also to study the

radiation shielding capability of low energy electrons. The capability to study high potentials and

high energy particle flows through experiments is very limited. The experimental setup used for

the charge interaction experiments, however can provide a basic picture of how EIMS can be used

for particle shielding. The setup in the vacuum chamber is shown in Figure 4.12.

Faraday Cup 
Sensor to 
measure 

charge flux 

Electrostatically 
inflated membrane
structure to deflect
charged particles

e-

e-

Figure 4.12: Charge deflection using EIMS in the vacuum chamber

To study the charge deflection and shielding pattern around the structure, the Faraday cup

position is rotated within the chamber. The probe on which the detector is mounted allows for

rotation through approximately 120 degrees. Measurements of detected current are recorded as the

probe and detector are swept through the physically feasible angular range. The rotation of the
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detector is illustrated in Figure 4.13.

Pivot Point of Faraday cup mount

Figure 4.13: Rotation of the Faraday cup around the membrane structure

Experiments were performed with a membrane structure in the vacuum chamber as shown

in Figure 4.6. 3D surface plots are used here to represent the data. First, the charge flow pattern

without any structure present is compared to that with a uncharged structure. It must be noted here

that the electron gun had to be removed from the chamber and loose wiring fixed which affected the

flow pattern. When removing the device, the grid which accelerates the electrons had rotated from

the correct position down 180 degrees. This had to be rotated into the correct position to remove

the electron gun. For this reason, the charge flow patterns appear to be flipped in the following

plots of no structure (Figure 4.14) and an uncharged structure (Figure 4.15). What is important

to see in these figures is the large drop in electrons directly behind the structure (approximately

-20 to +15 degrees) from the 70 nA range down to the 25 nA range.

Next, the same data collection was performed with a charged structure at 4kV and 8kV.

These two voltages were chosen such that one voltage was below the energy of the electron gun

(5 keV) and one above. The surface plots are shown in Figures 4.16 and 4.17 (note the change in

scale).

When the structure is at 4kV and below the electron energy, there is still current in the 20 nA
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Figure 4.14: Detected current, no structure

Figure 4.15: Detected current, structure at 0kV

range behind the structure. There is an overall drop, however, in the amount of current detected

anywhere behind or to the side of the structure. When the structure is charged to 8kV, there is

another large drop in the current levels detected. All recorded currents are below 12 nA and are

in the single digit nA range behind the structure. These plots clearly show the electron shielding
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Figure 4.16: Detected current, structure at 4kV

Figure 4.17: Detected current, structure at 8kV

capabilities of a charged membrane structure.
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4.3.2.2 Shape and Configuration Study for Charge Deflection

A range of membrane structures were constructed from Aluminzed Mylar for the charge

shielding experiments. Four different configurations were used for the shape-study experiments,

including sheets with cutouts, and different orientations of membranes connected with membrane

ribs or ties. The cutout structures were included to study how the electrostatic fields not including

the materials itself can shield particles. The cutout structure could also offer further mass savings.

Illustrations of each configuration are shown in Figure 4.18

A B

C D

A B

C D

A B

C D

A B

C DA B C D

Figure 4.18: Four membrane structure configurations A–D used for experiments. The incoming
charge flux direction direction is shown through the dashed arrow.

The first shielding experiments were performed with the unconnected cutout sheets hanging

in the vacuum chamber. For a fixed electron energy and emission current, a sweep of voltages on the

membrane structure was performed, up the 5 kV high voltage rating on the vacuum feedthrough.

For each structure voltage, the current detected by the Faraday cup was recorded. This procedure

was repeated for different electron energies, from 1 to 5 keV. There was a clear trend of decreasing

current detected behind the membrane structure as the structure voltage was increased. This can

be seen in Figure 4.19(a) for the cutout membranes (configuration A), in Figure 4.19(b) for the

ribbed structure (configuration B), and in Figures 4.19(c) and 4.19(d) for the two configurations

C and D of the tied structure. In these plots, the percentage of current detected relative to the
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current detected with an uncharged membrane is expressed by contours.
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(a) Configuration A, cutout membranes
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(b) Configuration B, rib structure
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(c) Configuration C, tied structure, face
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(d) Configuration D, tied structure, edge

Figure 4.19: Percentage of original detected current behind inflated membrane structure at different
electron energies

From these figures, several conclusions can be made. A clear trend exists of increased shielding

with increased structure voltage for the first three configurations, where the pattern is seen for all

electron energies and structure configurations. These figures appear to have roughly the same

pattern. For the ideal case of having an electron of energy less 1keV approach the center of a
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charged membrane of potential 1kV, the electron should be deflected backwards. Thus, in this

ideal scenario we should not be measuring charge behind the structure if the EIMS voltage is above

the electron energy voltage. However, these tests of similarly sized EIMS prototypes illustrate

that this is only approximately the case. The electron beam is not focused, and as a result there

is bending of the charge flux about the edges, as well as interactions with the grounded vacuum

chamber walls. Differences in the charge deflection amount were observed for different EIMS shapes.

For example, the cut-out membrane structure (configuration A) provides only a small loss in charge

deflection in contrast to the more solid membrane structures. This indicates that very open charged

structures might provide very light-weight charge deflection capabilities.

An interesting deviation from the nominal charge deflection to EIMS voltage relationship is

seen in Figure 4.19(d). Here, for the tied configuration with the edge facing the electron gun, the

current begins to instead increase at the highest structure voltage. Below a structure voltage of 5 kV,

the membranes are physically blocking the Faraday cup aperture. When 5kV is achieved, inflation

of the two membranes creates an opening in front of the aperture. As there is theoretically no

electrostatic field between two like-charged sheets, electrons pass between the membranes relatively

unaffected, and thus the shielding begins to degrade. This illustrates that the complex flexible shape

interactions with the resulting electrostatic force field must be carefully considered when designing

such active charge deflection systems. In the future, a well-focused electron beam is recommended

for further shape investigations.

In summary, the application of EIMS for active radiation shielding is investigated and low-

energy electron energy experiments are described. The EIMS structures are shown as efficient in

shielding electrons nearly 99 percent of energy levels below or equal to structure charge levels. This

low-energy shielding capability is assumed to be similar to the high energy charge shielding that

would be required for active radiation shielding purposes. It is acknowledged, however, that current

technology limits the possibility of applying potentials in the hundreds of Megavolt range. For the

electrostatic active charge shielding, the power capabilities must be addressed before the concept

is advanced further.



Chapter 5

Charging an EIMS

To achieve desired charge levels for electrostatic inflation, active charge emission or remote

charging are considered. For active charge emission, an electron or ion emitter is used to emit a

stream of charged particles to balance the other currents to the spacecraft. For remote charging, a

beam of electrons is directed onto EIMS to change to potential. In this chapter, these two methods

are explored for charging EIMS in different orbit scenarios.

First, an overview of spacecraft charging (both natural and controlled) is presented. Next,

an experiment to determine secondary electron emission (SEE) for EIMS applicable materials is

described. SEE is a key component of spacecraft charging and previous research on metal coated

polymers is sparse. Using the secondary emission results, remote charging demonstrated in the

vacuum chamber is compared to simulation, and good agreement is found. Lastly, the power

requirements for the charge emission method are explored for LEO and GEO scenarios.

5.1 Review of Spacecraft Charging Principles

5.1.1 Natural Spacecraft Charging

The ambient space plasma surrounding a spacecraft will cause a craft to obtain a non-zero

potential with reference to the plasma. Based on the plasma and sunlight conditions, the craft can

naturally become either positive or negative, with natural charging levels recorded up to -19 kV on

the ATS-6 spacecraft [66]. The naturally occurring currents to the craft which cause charging include

the plasma electron and ion flux, photoemission, secondary electron emission, and backscattered
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Figure 5.1: Illustration of natural currents in the space environment

electrons as illustrated in Figure 5.1. The natural current balance equation can be expressed as a

sum of the following currents:

Ie(φ)− Ii(φ)− Iph(φ)− Is(φ)− Ib(φ) = 0 (5.1)

where Ie and Ii are the electron current and ion current from the plasma environment, Ib represents

backscattered electron current, Iph represents the emitted photoelectrons, and Is is the secondary

electron emission current. The equilibrium of these currents determines the potential which the

spacecraft naturally obtains.

The first two terms are the currents from the ambient space plasma environment. Several

assumptions will be made for the analysis in this research. First, a single Maxwellian plasma

is assumed where the density and temperature of ions and electrons are equal. Also, all ions

are assumed to be protons. Models for the electron current are given for positively charged and

negatively charged craft respectively in Equations (5.2) and (5.3):

Ie(φ ≥ 0) =
−Aqnewe

4

(
1 +

φ

Te

)
(5.2)
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Ie(φ < 0) =
−Aqnewe

4
exp

(
φ

Te

)
(5.3)

Models for the ion current are given for positively charged and negatively charged craft respectively

in Equations (5.4) and (5.5):

Ii(φ > 0) =
Aqniwi

4
exp

(
φ

Ti

)
(5.4)

Ii(φ ≤ 0) =
Aqniwi

4

(
1 +

φ

Ti

)
(5.5)

The photoelectron current is defined in Equations (5.6) and (5.7). Here, jph is the photoelec-

tron flux and A⊥ is the cross-sectional area. The photoelectron flux is variable based on activity

of the sun, but a constant value of 20 µA/m is used here. [58]

Iph(φ > 0) = jphA⊥exp

(
φ

Tph

)
(5.6)

Iph(φ > 0) = jphA⊥ (5.7)

There are several empirical models that exist for the secondary electron emission current. [67–69]

There is not, however, sufficient previous research to adequately describe the secondary emission

with these models for the metal coated polymers used for EIMS. An experiment was thus designed,

built, and performed to improve the modeling of this current. The secondary current is described

in detail along with the experimental setup and results in Section 5.2.

5.1.2 Charged Particle Emission for Potential Control

Currents can also be actively induced by charged beam emission or charge beam impact.

These two methods can be used to actively control the potential of a spacecraft to a desired value.

With beam emission, the outgoing charged particles become a part of the current balance given in

Equation (5.1) as a positive current for emitting ions and negative current for emitting electrons,
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as shown in Equation (5.8). Emitting ions can thus charge the spacecraft negatively while electron

emission can induce positive charging.

Ie(φ)− Ii(φ)− Iph(φ)± Ibeam = 0 (5.8)

Charging through electron or ion beam emission has been demonstrated on many spacecraft

missions. One example is the SCATHA spacecraft which used both electron and ion emission to

demonstrate charging. An electron beam with a current of 13mA raised the potential of the craft to

4 kV and a 2 keV ion beam raised the potential to 0.3 kV. [70] The charging level is affected by the

beam energy and current, the potential difference between the emission and the craft (if near the

same energy, there is beam spreading and return current to the craft), and the local space plasma

conditions.

The magnitude of the charge emission current is dependent on the sum of the natural currents

and the desired charging level. Figure 5.2 illustrates an example of charge emission currents required

for achieving a range of potentials for a 1m2 craft. In this simulation, the electron, ion and

photoelectron current are modeled as described above and the constant photoelectron current

dominates the environmental currents. As shown in the figure, the ion emission beam current must

match the environmental current such that the total current sum is zero and a fixed potential is

maintained.

5.1.3 Indirect Charging with Electron Beam

Another method to achieve and maintain a fixed potential on a spacecraft is through remote

charging. Here, an electron beam is used to transfer charge and achieve high potentials. The

resulting potential from the beam depends on the current and energy of the electron beam, the

secondary electron emission, and the backscattered electrons, as well as other charging phenomena,

such as the ambient plasma ions and electrons and photoemission, and how the surface is initially

charged. [71] Similar to the natural current balance, the current balance equation for remote charging

is shown in Equation (5.9)
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Figure 5.2: Ion emission current to maintain a fixed potential in GEO plasma

Ie(φ)− Ii(φ)− Is(φ)− Iph(φ) + Ibeam = 0 (5.9)

In the mission scenario for remote charging, a chief craft would have an electron gun to

bombard the EIMS with a current of electrons. The chief craft would also need an auxiliary ion

gun to maintain a current sum of zero as to not change the potential level.

To simulate the remote charging scenario, each current to the spacecraft must be defined.

Assuming that the backscattered electron current is small, models for electron and ion current from

the atmosphere, photoelectron current are as described in the first section of this chapter. For this

simulation, it is assumed that the craft is in sunlit conditions. This scenario requires a higher input

from the electron beam, thus is the worse case scenario. As stated previously, there are several

models for describing the secondary electron emission current. For these simulations, the Draine

and Salpeter model is used, as shown in Equations (5.10). This equation uses the parameters of

maximum secondary electron yield and energy at maximum yield as the characteristics of materials
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(here, aluminum), as will be described in detail in the following section.

ISEE(φ) = 4δmaxIbeam(φ)
Eeff/Emax

(1 + Eeff/Emax)2
(5.10)

The current from the electron beam is dependent on the width and accuracy of the beam. A

coefficient of transfer efficiency, α, is used to incorporate these effects. The beam current is therefore

given in Equation (5.11) for when the potential of the craft is less than the potential of the gun:

Ibeam = αIbeam,0 (5.11)

As the secondary emission current is a function of the beam current, determining the required

charging beam input to maintain a fixed potential requires re-arranging the current equation to

solve for Ibeam:

Ibeam =
Ienv

1− 4δmax
Eeff/Emax

(1+Eeff/Emax)2

(5.12)

where Ienv is the sum of the environmental currents (ion, electron, and photoelectron).

A simulation is shown in Figure 5.3 to illustrate currents for the remote charging scenario.

Here, a 20 kV electron beam is used to maintain a sweep of fixed potentials in a GEO plasma.

It can be seen that as the craft potential nears the electron gun energy, the secondary emission

becomes larger. The craft potential is limited by this gun energy, thus 20 kV would be the maximum

achievable potential.

5.2 Secondary Electron Emission for EIMS Materials

As seen in the previous section, the secondary electron emission is a large factor in the remote

charging scenario for a spacecraft. It is thus important to understand the secondary electron yield

to determine how the spacecraft becomes charged and what beam currents are required.

Previous research has explored secondary electron emission for many materials. Experiments

have been designed to measure secondary electron emission and equations have been empirically
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Figure 5.3: Remote electron beam current to maintain a fixed potential in GEO plasma

determined to model secondary yields. There haven’t, however, been experiments to quantify sec-

ondary yields from metal-coated membrane materials, such as Aluminized Mylar. In this research,

an experiment is designed and executed to experimentally determine the secondary yields for sev-

eral EIMS-applicable materials. Fully understanding the secondary yield characteristics is critical

part to a full understanding of charging behavior.

The research performed is also applicable to other spacecraft mission scenarios, for example

the electrostatic re-orbiter concept. In this concept, an electrostatically charged space tug uses

Coulomb forces to manipulate the orbit of a space debris object [72]. The space debris object will be

naturally charged from the space environment, but the charge level can be augmented by remote

charge transfer via a stream of charged particles. This research on remote charging may contribute

to understanding how charging is more effectively performed for electrostatic re-orbiting based on

the secondary electron contribution to charging.

In the following sections, the principles of secondary emission are presented. Next, the de-
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signed experimental hardware and procedures to measure secondary electron emission are described.

Experiments first performed use a well characterized material (Nickel) in order to better under-

stand measurements and quantify any discrepancies from theory (for example due to ionization

or measuring other secondary electrons). Then results are presented for membrane materials of

Aluminized Mylar and Aluminized Kapton and the application to an EIMS system is discussed.

5.2.1 Principles of Secondary Electron Emission

Secondary emission occurs when an incoming electron shares energy with nearby electrons

in a material and the energy is enough for the electron to leave the surface. The energy of the

secondary electrons is usually only a few eV [71]. The secondary electron yield coefficient, δ, is defined

as the ratio of outgoing electrons (from secondary emission) to the current of incoming electrons.

The outgoing electrons are referred to as ISEE, describing the secondary electrons emitted from a

material sample being bombarded by incoming electrons. Ibeam is the incoming current from the

electron source. The secondary electron yield is therefore defined as:

δ =
ISEE

Ibeam
(5.13)

An empirical model for the secondary yield, δ is described by Sternglass [67] by Equation 5.14.

The equation is based on fits to empirical data for many materials.

δ(E0) = 7.4δmax
E0

E0,max
e
−2

√
E0

E0,max (5.14)

Here, E0 is the energy of the incoming electron beam. The maximum value for secondary

yield is described with δmax and the energy at which this maximum occurs is E0,max. These

maxima depend on the material being bombarded by electrons. The secondary yield is therefore

a function of only beam energy, material, and potential of the emitting surface. The Sternglass

curve is illustrated generally in Figure 5.4. What is interesting to note here is that there are two

unity crossings. Between energies E1 and E2, the number of electrons leaving the material due to

secondary emission is higher than the number of incoming electrons. Although intuitively a surface
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Figure 5.4: Illustration of secondary electron emission yield curve

would charge negatively through electron impact, if the beam energy lies between energies E1 and

E2, the surface would charge positively due to the greater number of electron leaving than arriving.

To illustrate the effect of materials on secondary electron emission and spacecraft charging,

Figure 5.5 is shown. In this figure, various currents are represented. First, the environmental

currents are plotted for a nominal geosynchronous orbit (GEO). It is assumed that the spacecraft is

in sunlight, thus the currents included here are the photoelectron current, plasma electron current,

and the ram ion current. Next the current from a remote charging electron beam is included,

assuming an energy of 20 keV. Included next are the secondary electron emission from two different

materials: Aluminum and Kapton. The two materials have different yield properties, thus the

resulting currents can vary significantly. Lastly, the sum of all currents to the spacecraft are

illustrated for the two different materials cases. As can be seen in the Figure, the equilibrium

where the currents sum to zero occur several thousand volts apart. Th difference demonstrates

how important it is to correctly quantify the secondary electron emission to understand how a

spacecraft will charge when using remote charging.
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Figure 5.5: Illustration of effect of secondary electron emission on spacecraft charging

The parameters of δmax and E0,max to determine the secondary electron yield can be deter-

mined through experiment or simulation [73]. Some examples of the yield parameters for various

materials are shown in Table 5.1. It can be seen that there is a significant difference in the yield

parameters of metals and polymers. In general, insulators have higher secondary electron yields

than conductive materials [74].

Table 5.1: Secondary emission yield parameters for selected materials

E0,max(eV ) δmax

Aluminum [68] 300 0.95

Nickel [68] 500 1.3

Copper [68] 600 1.3

Kapton [75] 150 2.1

Mylar [75] 175 4.8
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5.2.2 Experiment Description

The purpose of the experiment is to investigate the secondary electron emission from samples

of aluminized Mylar and aluminized Kapton to better understand the remote charging response of

these EIMS-applicable materials. Initially, a baseline experiment with a Nickel material sample is

performed to compare the experimental results of secondary emission to the accepted values for

Nickel. Then, EIMS-applicable materials are studied to determine secondary yield characteristics.

The yields of these materials have not previously been experimentally determined.

5.2.2.1 Hardware Description

The hardware setup for the remote charging experiments includes an electron gun emitting

charge toward a material sample in a vacuum chamber. The chamber has vacuum capability down

to approximately 10−7 Torr. Each of the hardware components of the setup are described below.

An electron gun is used to emit electrons which are accelerated toward the membrane sample.

A filament is heated and electrons which are thermionically emitted are accelerated off by the

electrostatic field between the filament and a grounded wire mesh.The electron gun filament is

constructed of 5mil coiled Tungsten wire. The electron gun can operate with energies up to 5 keV

and emit current up to 5 mA.

The mounting system for the material sample is illustrated in the diagram shown in Figure

5.6. The sample and grids are mounted inside a 2 inch diameter copper tube which is grounded

via connection to the vacuum chamber walls. The material sample is mounted on an 1.25 inch

aluminum plate, shown in Figure 5.8(b). Ceramic mounts and other insulating materials (Teflon,

Kapton) are used to keep the sample mount and grids electrically isolated from the grounded metal

cup. Each grid and the sample mount have individual electrical connections through an electrical

feedthrough in the chamber to allow individual biasing. The setup as viewed from outside the

vacuum chamber is shown in Figure 5.7.

The material sample is connected to a Kiethley Model 6487 PicoAmmeter/Voltage Source
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Figure 5.6: Experimental setup for measuring secondary electron emission

Incoming 
electrons 

from electron 
gun

Material sample 
mounted inside

Figure 5.7: Experimental setup for measuring secondary electron emission

(source-meter). This model has ±500V DC voltage source and current measurement capabilities.

The source-meter is used to simultaneously run through a pre-defined voltage sweep while measuring
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(a) Aluminum grid inside test apparatus (view in pri-
mary electron velocity direction)

(b) Aluminum mount for affixing material sam-
ples inside test apparatus (behind grid shown in
A)

Figure 5.8: Sample mount apparatus

current. This sweep is used for the characterization of the I-V curve in order to determine the

current from the material sample and the beam current, as will be further explained in the following

section.

5.2.2.2 Experimental Procedure

To calculate secondary electron yield, equation (5.13) is employed. It is necessary to ex-

perimentally determine both the beam current and the sample current for this equation. Each of

these quantities can be found for a particular electron energy by sweeping a voltage on the material

sample and simultaneously measuring the currents using the source-meter. The voltage sweep is

chosen to range from -75 V to 75 V to capture the full behavior of I-V curve. Figure 5.9 shows the

measurement from a voltage sweep.

The current on the material sample being measured by the SourceMeter is a combination of

several currents: primary electrons from the electron gun, secondary electrons emitted from the

material sample, secondary electrons emitted from the grids, and ions from the ionization of the

residual gas. First, the main source of current is the primary electrons from the electron gun. The
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current emitted from the gun for the experiments is 3 mA. The electron gun provides a spray of

electron from a heated filament with minimal directionality, therefore only a fraction of the 3 mA

reaches the material sample. The beam current which reaches the sample can be approximated

from the positive potential data of the I-V curve shown in Figure 5.9. When the sample is biased

positively to a level greater than the energy of the secondary electrons (which are only a few eV),

all secondary electrons are attracted back to the sample. The current of leaving secondaries is

cancelled out by the secondaries returning. The primary beam is unaffected here, as the energy

of the beam is a minimum of 150 eV (thus always larger than the potential used for biasing).

The positive end of the I-V curve therefore gives us the value of Ibeam for Equation (5.13) and is

expressed as:

I+φ = Ibeam (5.15)

Notice, however, that the current level does not settle as potentials continue to increase.

Here, other stray electrons begin to be attracted into the test setup and onto the material sample.

The value for Ibeam is chosen as the inflection point in the I-V curve. This was determined through

calibration with Nickel, as it described in the results section.
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At the opposite end of the I-V curve where the bias potential on the sample is negative, the

currents being measured are the beam current minus the secondary electrons leaving the material

sample. Because the sample is biased negatively, all the lower energy secondary electrons which are

emitted from the material are accelerated away due to electrostatic repulsion. As the beam current

is already determined as described above, the secondary electron current can be calculated from

the measurement. Recall from Equation (5.13) that the current of the secondary electrons can be

rewritten as:

ISEE = δIbeam (5.16)

Therefore the measured current at negative potentials, named I−φ, can be defined as:

I−φ = Ibeam − ISEE = Ibeam(1− δ) (5.17)

By calculating the ratio (R) of the current at the two ends of the I-V curve:

R =
I−φ
I+φ

=
Ibeam(1− δ)

Ibeam
= 1− δ (5.18)

we can solve for the secondary yield:

δ = 1−R (5.19)

Thus, the secondary electron emission yield at a particular primary electron energy can be calcu-

lated directly from the measurement of the I-V curve. This calculation determines one point on

the yield curve for the material under study.

To determine the secondary electron yield curve for a material (as shown in Figure 5.4), the

following experimental procedures are performed at a range of primary electron energies. The yield

curve is constructed point by point, calculating the yield at many primary electron energies. The

range capability for electron energies to be explored is from 100 eV up to 5 keV with the hardware

setup described above.

5.2.3 Secondary Emission Results

In this section, the preliminary experimental results for baseline materials and membrane

materials are presented and discussed.
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5.2.3.1 Baseline SEE Measurement

In order to verify the experimental setup and procedures, a sample of nickel was chosen as the

first material to study. Through previous experiments, nickel has known secondary electron emission

characteristics [68]. Nickel also makes a good material for this procedure due to the slow oxidation

rate or corrosion resistance, as oxidation can have a significant effect on secondary emission.

The yield curve created from the experimental data is shown in Figure 5.10.
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Figure 5.10: Experimental data for nickel yield curve compared to the Sternglass model

It is noted that a membrane sample of Nickel was also studied during the baseline stage of

this experiment. The membrane sample, however, had an annealed surface, which has been shown

to have a significant effect on the secondary emission yield. [76,77] The Nickel membrane did not

follow a trend of the Sternglass yield curve therefore was not used for the baseline study.

5.2.3.2 Membrane Materials

The first membrane material investigated is aluminized Mylar. The sample for the study

is 1/4 mil thickness aluminized Mylar. Figure 5.11 shows the yield curve that was built with

experimental data. The data is compared to the Sternglass yield curves for both aluminum and
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Mylar. At lower energies, the aluminized Mylar data lies between the yield curves of the two pure

materials. The trend of the data follows the general shape of Sternglass curve, though does not

drop-off as quickly as either the aluminum or Mylar.
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Figure 5.11: Experimental data for Aluminized Mylar compared the Sternglass model for aluminum
and Mylar

Aluminized Kapton is the second membrane material studied and the data collected for the

yield curve is presented in Figure 5.12. The data again follows the general shape of a Sternglass

curve showing a peak at low energies and the yield decreasing as energies become larger, though

the drop-off is much more gradual then the component materials.

As oxidation makes an impact on secondary emission, a sample of commercial aluminum foil

is also studied. The data for the AL foil is shown in Figure 5.13 and there is a clear difference

between the theory and the sample. The aluminum foil data is more similar to the aluminized

polymers than to the aluminum theory. This helped to demonstrate the effect that oxidation can

have on the material and to explain the behavior of the aluminized polymers. Even at low Earth
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Figure 5.12: Experimental data for Aluminized Kapton compared the Sternglass model for alu-
minum and Kapton

orbit altitudes oxidation can take place, suggesting that the secondary emission behavior of these

EIMS materials could change over the lifetime of the mission.
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Figure 5.13: Experimental data for aluminum foil compared the Sternglass model for aluminum



109

0 500 1000 1500 2000 2500 3000

0.8

1

1.2

1.4

1.6

1.8

2

Electron Energy Level (eV)

Yi
el

d,
 δ

 

 
Aluminized Kapton; Data
Aluminized Mylar; Data

Figure 5.14: Comparison between experimental data for Aluminized Kapton and Aluminized Mylar

The comparison between the two membrane material data sets is presented in Figure 5.12.

The Aluminized Kapton yield curve is similar to that of Aluminized Mylar, suggesting that

there may be little difference in remote charging behavior with these two membrane materials. At

nearly every energy, the Aluminized Mylar shows a slightly higher yield value. For both of the

membrane materials, the yield is above unity until energies are near 3000 eV. This demonstrates

that secondary electron emission is a large factor in remote charging unless high beam energies

(above 3 keV) are employed.

In order to conveniently utilize the results for the aluminum coated polymers, the data was

fit to the parameters of the Sternglass curve using Mathematica’s nonlinear model fitting tool. The

Sternglass parameters for Aluminized Mylar and Aluminized Kapton are shown in Table 5.2 and the

curve fit results are illustrated in Figures 5.15 and 5.16. The curve fit for both membrane materials

capture the behavior well over the range of data. The Sternglass curve with the fit parameters,

however, would slightly under predict the secondary emission effects at energies above which data

was collected.
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Table 5.2: Experimental secondary emission yield parameters for EIMS materials

E0,max(eV ) δmax
Aluminized Mylar 511 1.78

Aluminized Kapton 433 1.83
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Figure 5.15: Aluminized Mylar data and fit to Sternglass curve

5.2.4 Application to EIMS

The results from this experiment yield important information about using the method of

remote charging to raise the potential of a membrane structure for electrostatic inflation. Based

on the secondary electron yield of a material, the achievable potential levels can vary by many

kiloVolts. Thus, the difference between being able to obtain the desired potential level or not

may be in the choice of materials. For example, in Figure 5.5 for the given GEO remote charging

scenario, the aluminum object charged to an equilibrium potential of -8.8 kV while the Kapton

material charged to -4.0 kV. Here, it may be more desirable to have a conducting material with a
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Figure 5.16: Aluminized Kapton data and fit to Sternglass curve

lower secondary electron emission. For a membrane material, this could mean a thicker deposition

layer of the aluminum onto the Kapton or Mylar, as a pure aluminum foil at membrane thicknesses

does not have sufficient strength. Considering other charging methods, such as charge emission

from the spacecraft, other materials may be more efficient for charging to desired high potentials.

In the scenario of electron emission to charge positively, the higher the secondary electron emission

(from plasma electrons), the easier it would be to charge positively. Even with remote charging

using an electron beam, it could be possible to charge to positive potentials. Here, the beam energy

would be chosen near the maximum of the yield curve in order to eject as many electrons with each

incoming electron. The potential on the craft, however, would then be limited by the low energy

of the electron beam.
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5.3 Experimental Verification of Remote Charging

To demonstrate the capability for charging a membrane structure remotely, an experiment

was arranged in the vacuum chamber. Figure 5.17 shows the simple setup in the chamber: the

electron gun emits a spray of electrons and the membrane sheet is hanging in the path of the

electrons. It is assumed that the emission of the electron gun is relatively conical, with a distance

between the emitter and membrane of Hcone.

electron
spray

Rcone

Hcone

Figure 5.17: Illustration of remote charging experiment and electron spray geometry

There are three currents to and from the membrane: incoming primary electron current,

outgoing secondary electron current, and incoming ion current. The ion current is caused when a

primary electron impacts a molecule (primarily water vapor or Nitrogen in the vacuum chamber)

and ejects an electron, thus creating an ion. The ion may be collected by the membrane if the

material is biased to a negative potential, thus attracting the positively charged ions. To calculate

the approximate number of ions being created by impact ionization, the following equation is
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employed [78]:

Ii = I0Nqix (5.20)

In Equation (5.20), I0 represents the electron beam current, N represents the number density

of the gas in the chamber, qi is the ionization cross section, and x is the mean free path length.

Cross sections of molecules can be found in the NIST online database for ionization cross section by

electron impact (See Reference 79). The cross section is dependent on the incoming electron energy

and reaches a maximum near 150 eV. It is assumed that the primary molecule in the chamber is

water, thus ionization cross sections for H2O are used in calculations. Calculations show that for

the chamber pressure and electron gun capabilities for this experiment that the ion current is on

the order of 50 µA. The electron gun current to the membrane and the secondary current are on

this same order of magnitude, therefore the ion current has a significant impact on the remote

charging in the vacuum chamber.

As an example, an experiment is performed with the electron gun operating at maximum

energy (5 keV) with an emission current of 3 mA. Using a high voltage probe (allows passive

measurement of high voltage due to extremely high resistance), the potential of the membrane can

be measured from external to the chamber. Charging to approximately -550 V can be observed

with this setup. This demonstration proves the concept of remote charging a membrane structure

with an electron beam. To understand the level of charging, each of the currents is quantified.

Figure 5.18 illustrates the currents to and from the membrane for this experiment.

To calculate the electron beam current which reaches the membrane, the cone angle for the

electron spray must be calculated. The first experiment was used to calibrate the angle to make

the simulation match the experiment. It was found that the angle is approximately 45 degrees.

Using this value, it was found that the simulation still matches the experiment with any electron

beam current, suggesting that the calculation is correct. As the energy changes, the angle of the

cone varies slightly. This intuitively makes sense, as the higher energy, the less spreading should

be seen with the beam, and more of the current reaches the membrane. For a beam energy of 4.5
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Figure 5.18: Currents in remote charging simulation at 5 keV showing equilibrium potential of
approximately -575 V

keV, the angle is closer to 46 degrees.

Below a beam energy of 4.5 keV, remote charging was not observed in the chamber. This

can be verified with the simulation of currents in the chamber. Figure 5.19 shows the currents for a

beam energy of 4 keV. Here, the equilibrium potential would be a positive number. However, when

the membrane reaches a positive potential, the ions are no longer attracted to the membrane and

the secondary electrons can be re-collected after being ejected. The potential of the membrane, as

measured by the high voltage probe, reaches only a few millivolts.

5.4 EIMS Power Requirements for Fixed Potentials

In this section, the power required to maintain a fixed potential on an EIMS in a plasma

environment is described. It is critical to understand the power requirements to assess applicability

of an EIMS in various orbit conditions. It is noted that EIMS may also be used in conjunction with
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Figure 5.19: Currents in remote charging simulation at 4 keV showing a positive equilibrium
potential

membrane stiffening technology. Here, EIMS would only require power for an initial deployment

and shape acquisition. Then, material stiffening technology would be used to fix the shape and

maintaining the potential would no longer be required. Some examples of stiffening technology

include UV-curable laminates, heat-cured thermoset composite laminates, or hydro-gel rigidiza-

tion [9]. In these simulations, though, it is assumed that power is constantly required to maintain

potentials required for maintaining the desired shape of EIMS while on-orbit.

For maintaining a potential through charge emission, the power is simply the product of the

current from the charge emission beam and the potential of the EIMS craft:

P = Iemitφ (5.21)

where the emission current, Iemit, is simply the sum of the environmental currents which will impact
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the craft:

Iemit = −[Ie(φ)− Ii(φ)− Iph(φ)] (5.22)

For the simulations in the following sections, an EIMS with a surface area of 1 m2 is assumed.

Also, it is assumed that EIMS is in sunlit conditions, which can drastically increase the power

requirements, especially in GEO where the photoelectron current dominates the environmental

currents.

5.4.1 GEO Power Requirements

At GEO altitudes, the plasma environment is relatively benign for Coulomb applications.

Table 5.3 shows the nominal plasma conditions that are used for the GEO remote charging and

charge emission simulations.

Table 5.3: GEO plasma parameters for charging simulations

Electron temperature, Te 900 [eV]
Electron Density, ne 1.25 [cm−3]

Debye length, λD 200 [m]

Using these conditions, the currents due to the plasma are calculated and subsequently used

in Equation5.22 to determine the required emission current to offset the environmental currents.

The required power is calculated with Equation (5.21) and is shown in Figure 5.20. At the negative

maxima for EIMS potential, -30 kV, the power required is 0.6 W. This is a very reasonable value for

even a smaller spacecraft at GEO. For positive potentials, only approximately 10 mW is required

to maintain a +30 kV potential. From the orbit perturbation study in Chapter 3, it was found

that 335 V is required to maintain inflation. For -335 V, the power required is 7 mW and for +335

V, only a fraction of a milliwatt. In eclipse, the power requirements are even smaller, as there is

no photoelectron current.
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Figure 5.20: GEO Power requirements for maintaining a fixed potential using charge beam emission

5.4.2 LEO Power Requirements

In LEO, the cold, dense plasma has a significant effect on the charging of EIMS. The plasma

at these altitude is four orders of magnitude hotter than at GEO. Table 5.4 shows the plasma

conditions that are used for the LEO remote charging and charge emission simulations. As the

plasma environment is much more aggressive than at GEO, there is a large increase in the power

required to maintain a potential. Figure 5.21 shows the power required to maintain a range of craft

potentials in LEO. To maintain a negative potential, the power requirements are likely to be in

the hundreds of watts up to the kilowatt range. For a positive potential, the power requirements

increase by approximately an order of magnitude, up to 10 kilowatts for maintaining a potential

of 30 kV. When using charge emission to achieve and maintain a potential in LEO, charging

negatively is therefore more advantageous with regard to power requirements. From the orbital

perturbation study, voltage requirements were found for two different LEO orbits: 300 and 400

km. At a 300 km orbit, required voltage is 3.2 kV to offset perturbations. This requires 13 W to
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Table 5.4: GEO plasma parameters for charging simulations

Electron temperature, Te 0.2 [eV]
Electron Density, ne 1× 105 [cm−3]

Debye length, λD 0.01 [m]

charge negative or 570 W to charge positively. To meet the required 2.0 kV for the 400 km orbit,

5 W or 225 W are required for charging negatively or positively, respectively. These requirements

may be feasible for smaller craft at LEO altitudes, as small satellites power capabilities range from

a Watt up to a few Kilowatts. [80] Charging to the higher voltages considered, though, would be

above the capabilities for a small satellite platform, therefore membrane stiffening needs to be

further investigated if potentials at this level are required. Also to be considered for high power

applications are the thermal effects on the membrane. Rapid charging or high currents could

potentially melt the membrane materials, therefore experiments should be performed to maintain

safe levels for charging.
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Figure 5.21: LEO Power requirements for maintaining a fixed potential using charge beam emission
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5.4.3 Remote Charging Considerations

As a final consideration regarding the charging requirements for EIMS, a trade study is per-

formed between beam current and beam energy for maintaining a potential using remote charging.

Using Equation (5.9), the beam current and energy are varied to determine the resulting potential

on the craft when equilibrium is reached. Here, GEO conditions are assumed for electron, ion, and

photoelectron currents using Equations (5.2), (5.4), and (5.6).

The study shows that some combinations of current and energy are more advantageous than

others. This is illustrated in the contour plot shown in Figure 5.22. Here, it is seen that there is a

set of currents and energies which do not charge the membranes, although combination above and

below can achieve high potentials. While it is likely that considerably high beam currents would

be used than shown in the plot, it is important to recognize the trend when designing a laboratory

or low current charging experiment.
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Figure 5.22: Trade study of current vs. beam energy for achieving potentials



Chapter 6

Conclusions

6.1 Summary of the Dissertation

This dissertation presents the concept of electrostatic inflation of membrane space structures.

Although there has been brief mention in previous literature concerning the use of electrostatic

forces for deployment purposes, there has not been extensive investigation. This research pro-

gressed the understanding of electrostatic inflation by identifying the biggest challenges, improving

understanding of applications (e.g. non-precision structures), presenting and demonstrating con-

cepts for feasible shapes, and furthering the understanding of plasma effects, charging methods,

and power requirements. Some of the highlights from each chapter are summarized below.

In chapter 2, laboratory demonstrations in atmosphere and vacuum to show feasible concepts

and demonstrate that electrostatic inflation can be used for deployment and shaping of membrane

structures. Electrostatic inflation is easiest with smaller structures and membrane with cutouts

which increase local charge densities.

Chapter 3 described some of the EIMS geometries considered (sphere, tube, 2-membrane

sandwich) and explores the electrostatic solution of each with the 3D numerical software Maxwell

3D. A study of the required absolute potentials for EIMS to counteract membrane-normal com-

pressive pressures from orbital perturbations is presented. First, the local charge density is related

to the inflation pressure on the membrane. Voltage, however, is the parameter which is directly

controlled on a spacecraft, therefore Maxwell 3D must be used to relate the charge density and the

voltage.
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Potentials on the membrane structures must be high enough to produce sufficient electro-

static pressures to counteract the differential pressures from gravity, solar radiation, and drag that

would be experienced in orbit. In the geostationary orbit regime, the differential solar radiation

pressure is the dominant perturbation. In low Earth orbit, atmospheric drag becomes dominant be-

low approximately 500 km. Determination of differential orbital pressures allows for the calculation

of the required charge densities for inflation. To determine the corresponding voltage requirements

assuming the electrostatically inflated membrane structure is to maintain shape while experienc-

ing orbital perturbations, 3D electrostatic solver software was used to numerically determine the

electrostatic field solution. For a 1×1 m2 structure in geostationary orbit, it was found that only

hundreds of volts are needed to offset orbital perturbations. Active and even passive charging in

geostationary orbits have far exceeded this number on several spacecraft. In LEO, potentials on

the order of a few kilovolts are required. These determined potentials serve as a minimum to only

offset disturbance pressures and larger values would be desirable to provide additional stiffness to

the structure, especially during attitude maneuvers. Even these minimum values, however, are

orders of magnitude smaller than what has been achieved on previous missions.

Chapter 4 addressed two issues related to EIMS in plasma: how does the plasma shield the

electrostatic forces and does EIMS collapse or maintain shape in a charge flux. The plasma affects

charged bodies through Deybe shielding, but the analytical Debye shielded force calculation is based

on the assumption that the body has a low potential compared to the local plasma thermal energy.

This assumption is quickly violated for charged craft in LEO and also in quiet GEO conditions.

Numerical simulations allow for a more accurate solution to the forces and a modified ‘effective’

Debye length can be defined to allow quick use of the analytical equations. These effective Debye

lengths are calculated for GEO and show that the effective Debye length can be several times larger

than the classical Debye length for the electrostatic space applications. In LEO plasma conditions,

the ‘effective’ Debye length can be more than an order of magnitude larger than the classically

predicted Debye length. The LEO effective Debye lengths can therefore be up to the meter level,

and the resulting Coulomb force improvement from reduced shielding may allow for LEO Coulomb
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spacecraft applications such as inflation of membranes at cm level separations.

A vacuum chamber environment was used to perform experiments with a low-energy parti-

cle flow around various membrane structures. An interesting phenomena of structural vibrations

was discovered between a charged membrane structure and a charged particle flow. A series of

diagnostic tests were performed to eliminate sources of the vibrations, leading to a conclusion that

the vibrations are caused by a coupling between the changing electrostatic fields surrounding the

structure and the flow of electrons to and around the structure. Additionally, the application of

EIMS for active radiation shielding is addressed and low-energy electron energy experiments are

described. The EIMS structures are shown as efficient in shielding electrons nearly 99 percent of

energy levels below or equal to structure charge levels.

In Chapter 5, two charging methods are explored for achieving desired potentials for EIMS:

active charge emission and remote charging with an electron beam. To better understand the

charging behavior, the secondary electron emission characteristics had to be determined for the

metal coated polymers to be used for EIMS, as research has previous not addressed these specific

material. The aim is to better understand which materials would be more advantageous to reach

the desired potential levels required for electrostatic inflation of a membrane space structure. An

experimental setup to measure the secondary electron yield for a material is described and results for

secondary emission of aluminized Mylar and aluminized Kapton are presented. The two materials

show similar trends and magnitudes, both following the approximate trend of a Sternglass curve

and both show effects of oxidation from the interaction with the atmosphere.

Using the results from the secondary emission experiment, agreement was found between

a simulation of remote charging in the vacuum chamber and experiment. Using an electron gun

operating at 5 keV, charing was shown to approximately -550 V. The ion current from ionization

in the chamber was shown to have a large impact on the charging.

Lastly, power requirements are explored for maintaining a fixed potential in a plasma. At

GEO, power requirements are very reasonable at the milliwattt level, as the plasma has a small

impact on charging. The photoelectron current is the dominate current to counteract in GEO.
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In LEO, the dense plasma raises the power requirements to the Watt to hundreds of Watts for

offsetting orbit perturbations. To reach potentials of tens of kiloVolts raises the requirement into

the kiloWatt range, thus membrane stiffening should be considered as an alternative to maintaining

constant inflationary pressure.

6.2 Recommended Future Work

There are many avenues for future work related to the concept of electrostatic inflation.

Avenues exist in both fundamental research and practical investigation. Some of the recommended

theoretical work includes:

• Finite element simulation of the multi-physics problem (electrostatic and structural). FEM

can aid in understanding feasible shapes, as well as provide tools to study the effects of

forces on torques on the inflated structure. Studying the structural response will enable

quantifying required voltages to maintain an inflated structure that meets deflection re-

quirements (may be mission dependent).

• 3D numerical plasma simulation to study the charging and charge flux effects on a charged

membrane structure. One program which could be utilized is the VORPAL product from

TechX.

• Quantification of required pressures for maintaining shape through an attitude maneuver.

• Study the effect of material thickness and thickness of the aluminum deposition layer on

secondary electron emission and determine the most advantageous materials for EIMS.

• Understanding the dynamics of an EIMS system. Determine natural frequency of differ-

ent configurations of an EIMS system and simulate the dynamics to understand control

requirements.

Some of the recommended work that is necessary for practical application of EIMS are as follows:
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• Investigate the packaging and deployment problem. Packaging must consider the effects of

wrinkles on the membranes and how storage during launch will affect the deployment and

shape.

• Determine specific mission scenarios in which EIMS can be a useful technology.

• Zero gravity flight experiment to study deployment and dynamics.
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