
DISSERTATION 

DOCTOR OF PHILOSOPHY 

 

EFFECT OF ATOMIC OXYGEN EXPOSURE ON 

SPACECRAFT CHARGING PROPERTIES 
 

 

 

 

 

 

 

 

NOOR DANISH AHRAR MUNDARI 

STUDENT NO.: 07586406 

 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF ELECTRICAL ENGINEERING 

KYUSHU INSTITUTE OF TECHNOLOGY 

2011 

 



DISSERTATION 

 

EFFECT OF ATOMIC OXYGEN EXPOSURE ON SPACECRAFT 

 CHARGING PROPERTIES 

 

 

 

SUBMITTED  

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS  

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

 

 

BY 

NOOR DANISH AHRAR MUNDARI 

 

 

 

SUPERVISED BY 

PROFESSOR MENGU CHO 

 

 

 

DEPARTMENT OF ELECTRICAL ENGINEERING 

KYUSHU INSTITUTE OF TECHNOLOGY 

2011



 

 

Dissertation 

EFFECT OF ATOMIC OXYGEN EXPOSURE ON SPACECRAFT 

 CHARGING PROPERTIES 

 

By 

Noor Danish Ahrar Mundari 

(Student Number: 07586406) 

 

Supervisor: 

Professor Mengu Cho 

 

 

 

 

Member of Dissertation committee: 

Professor Mengu Cho 

Professor Kazuhiro Toyoda 

Professor Masayuki Hikita 

Professor Yasuhiro Akahoshi 

 

 

 

 

 

Kyushu Institute of Technology 

Department of Electrical Engineering 



 

 

 I certify that I have read this dissertation and that in my opinion it is fully adequate, in 

scope and in quality, as a dissertation for the degree of Doctor of Philosophy. 

 

 

 

 

………………………………………………………………. 

Mengu Cho 

(Professor, Electrical Engineering, Principal Advisor) 

 

 

________________________________________________________________________ 

 

I certify that I have read this dissertation and that in my opinion it is fully adequate, in 

scope and in quality, as a dissertation for the degree of Doctor of Philosophy. 

 

 

 

 

………………………………………………………………. 

Kazuhiro Toyoda 

(Professor, Electrical Engineering, KIT) 

 

 

 



 

 

I certify that I have read this dissertation and that in my opinion it is fully adequate, in 

scope and in quality, as a dissertation for the degree of Doctor of Philosophy. 

 

 

 

 

………………………………………………………………. 

Masayuki Hikita 

 (Professor, Electrical Engineering, KIT) 

 

 

________________________________________________________________________ 

 

I certify that I have read this dissertation and that in my opinion it is fully adequate, in 

scope and in quality, as a dissertation for the degree of Doctor of Philosophy. 

 

 

 

 

 

………………………………………………………………. 

Yasuhiro Akahoshi 

 (Professor, Mechanical Engineering, KIT)



i 

 

Contents 

Contents                                 i 

List of Illustrations                   iv  

List of tables                  viii 

Abstract                    ix 

Acknowledgements                   xi 

1. Introduction                                                                                                                     1 

   1.1 Statement of the problem                  1 

   1.2 Outline of the dissertation                  5 

   1.3 Literature Review                   7 

1.3.1 Space environment                  8 

1.3.2 Classification of space environment                9 

1.3.3 Atomic oxygen in LEO               10 

1.3.3.1 Formation and presence of atomic oxygen in LEO           10 

1.3.3.2 Principal of interaction of AO with materials            13 

1.3.3.3 Effect of atomic oxygen on materials in space environment          15 

1.3.4 Ground based atomic oxygen facility              18 

1.3.5 Spacecraft charging and its analysis              19 

1.3.6 Surface and bulk resistivity for space application            22 

1.3.7 Secondary electron emission (SEE) coefficient measurement          24 

1.3.8 Photoemission measurement               26 

1.3.9 Backscattered electrons               27 

1.3.10 Spacecraft charging property database             28 

1.4 Research Motivation                 29 

1.5 Purpose of the study                 30 



ii 

 

1.6 Scope of study                  31 

1.7 References                             32 

2.  AO exposure facility and atomic oxygen characterisation            37 

  2.1 Designing of AO generation facility               37 

  2.2 Spin coating equipment for measuring mass response            47 

  2.3 calculation of number of particle injected into chamber            51 

  2.4 Atomic oxygen diagnosis                54  

2.4.1 Detection of atomic oxygen generation             54 

2.4.2 Measurement of energy of atomic oxygen             58 

2.4.3 Measurement of flux and fluence of AO beam            60 

2.4.3.1 Mass response of silver coated QCM crystal            61 

2.4.3.2 Mass response of polyimide coated QCM crystal           62 

  2.5 Conclusion                  65 

  2.6 References                  66 

3. Resistivity measurement facility of insulator and mathematical formulation         68 

  3.1 Resistivity measurement system               69 

  3.2 Mathematics of surface charge decay for resistivity measurement           70 

  3.3 Resistivity measurement sample layout and measurement methodology              72 

  3.4 Conclusion                  75 

  3.5 References                  75 

4. Results and Discussion                 76 

4.1 Effect of AO exposure on materials               76 

4.1.1 Effect on silver                 76 

4.1.2 Effect on polyimide                78 

4.2 Effect of AO exposure on polyimide resistivity              88 



iii 

 

4.2.1 Surface potential distribution               88 

4.2.2 Determination of surface and volume resistivity            93 

4.3 Conclusion                  97 

4.4 References                  97 

5. Summary                 100 

       5.1 Conclusion of this Study              100 

       5.2 Future works               101 

Appendix                 102 

1. Introduction to MSIS.                102 

2. Calculation of Flux/Fluence using Kapton            103 

3. Calculation of Flux/ Fluence using silver            103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Illustrations 

Figure 1.1: Spacecraft surface materials in orbital environment.       1 

Figure 1.2: Formation of atomic oxygen in Lower Earth Orbit (LEO).               11 

Figure 1.3: Dissociation of molecular oxygen into atomic oxygen by solar UV radiation.    12 

Figure 1.4: Orbits having atomic oxygen presence.                  12 

Figure 1.5: Density of atmospheric constituents as a function of altitude.               12 

Figure 1.6: Flux of atomic oxygen against altitude for lower earth orbit satellites.              13 

Figure 1.7: Scanning electron microscope images of pyrolytic graphite, polyimide  

Kapton and Teflon FEP exposed to directed LEO atomic oxygen on EOIM III  

or the LDEF.                                 16 

Figure 1.8: MISSE project specimens are placed onto trays and inserted into 

Passive Experiment Containers (PECs).                   17          

Figure 1.9: MISSE experiments being carried out at ISS in space.                18 

Figure 1.10: Decay time as a function of resistivity based on a simple capacitor model.      23 

Figure 1.11: Satellite obstructions due to space environment. This statistics had  

been researched by Koons et al. (during the period form1973 to 1997).               28 

Figure 1.12: Spacecraft charging tools MUSCAT; inputting the values of materials  

parameters for simulating spacecraft charging condition.                                     29         

Figure 2.1: Schematic of atomic oxygen formation facility.                 38 

Figure 2.2: Volume Vs. frequency graph for 0.1 SCC and 0.2 SCC operations.              40 

Figure 2.3: Vacuum Chamber in which atomic oxygen is generated.               41 

Figure 2.4: Lens used for focusing CO2  laser beam at nozzle.                42 

Figure 2.5: Pulse valve used for injecting molecular oxygen into nozzle.                43 

Figure 2.6: Pulse valve connected to the nozzle head.                 43 

Figure 2.7: location of Mass Flow Controller (MFC) in the gas supply line.              44 



v 

 

Figure 2.8: Orifice with 1mm hole diatmeter for allowing passage of generated AO.           44 

Figure 2.9: Position of orifice in facility.                   45 

Figure 2.10: Functioning of the DPG; the red line shows the signal send by DPG.              46 

Figure 2.11: Signal sent by DPG control pulse valve opening and Laser triggering.             46 

Figure 2.12: Block diagram of full AO facility.                  47 

Figure 2.13: AO exposure facility built at KIT.                  47 

Figure 2.14: QCM head showing the position of crystal.                 48 

Figure 2.15: Lab built spin coating facility for coating polyimide on gold  

coated quartz crystal.                      48 

Figure 2.16: Spin coating head unit for fixing crystal.                 49 

Figure 2.17: Roughness measurement of polyimide coated QCM crystal.               50 

Figure 2.18: Surface roughness measurement instrument SURFCOM1400D-12.                 50 

Figure 2.19: QCM crystals before and after polyimide coating, gold coated  

QCM is used as base crystal.                     50 

Figure 2.20: Number of particle entering the chamber for one Hz operation of pulse valve  

for different pulse valve opening time when the primary pressure of O2 is 0.3MPa.             52 

Figure 2.21: Number of particle entering the chamber for one Hz operation of pulse valve 

 for different pulse valve opening time when the primary pressure of O2 is 0.5MPa.            52 

Figure 2.22: Number of particle entering the chamber for ten Hz operation of pulse valve  

for different pulse valve opening time when the primary pressure of O2 is 0.6MPa.             53 

Figure 2.23: Number of particle entering the chamber for ten Hz operation of pulse valve 

 for different pulse valve opening time when the primary pressure of O2 is 0.7MPa.            53 

Figure 2.24: Principal of detection of AO beam using spectrometer.               55 

Figure 2.25: Emission spectrum of atomic oxygen.                  55 

Figure 2.26: Emission spectrum of oxygen plasma for four different Pulse  



vi 

 

Valve (PV) opening times.          56 

Figure 2.27: Principal of detection of AO beam using QMAS system in single mass  

mode for q/m=16.                      57 

Figure 2.28: Detection of AO in single mass mode along with the photodiode signal.         57 

Figure 2.29:  Quadrupole mass analysis system used for measuring the TOF of AO.           58 

Figure 2.30 QMAS system for detection of atomic oxygen and its velocity measurement.   59 

Figure 2.31: Different signal used for the velocity measurement of generated AO.              59 

Figure 2.32: TOF distribution of AO at quadrupole mass analysis head.    60 

Figure 2.33: Velocity distribution of AO at quadrupole mass analysis system head.             60 

Figure 2.34: Response of silver coated QCM crystal against the atomic oxygen shot.           62 

Figure 2.35: Response of the polyimide coated QCM crystal against the atomic oxygen.     64 

Figure 2.36:  AO fluence of kitakyushu for one year at different altitude height.   64 

Figure 2.37: Acceleration factor calculated using 10
14

 atoms/shot.     65 

Figure 3.1:  Schematic view of resistivity measurement facility.     70 

Figure 3.2: Sketch showing method of resistivity calculation.     71 

Figure 3.3: Electrode configuration for measuring surface and volume resistivity.   72 

Figure 3.4: Top view of the sample electrode arrangement used for resistivity  

measurement.            73 

Figure 3.5: Inside chamber view of the setup for resistivity measurement.                73 

Figure 3.6: Surface potentiometer scans the surface in serpentine line fashion.   74 

Figure 3.7: Recording of surface potential by potentiometer and display on PC screen.  74 

Figure 4.1: Scanning Electron Mincroscopy images of the virgin and atomic oxygen  

exposed silver with two different magnification.       77 

Figure 4.2: Scanning Electron Microscopy of virgin and atomic oxygen exposed  

polyimide.            79 



vii 

 

Figure 4.3: Difference in the two regions of the AO-exposed and virgin polyimide  

sample as observed by camera (a) Laser imaging (b).      80 

Figure 4.4: Measuring change in thickness of the polyimide coated QCM crystal  

using laser spectroscopy.          81 

Figure 4.5:  EDS of the AO-exposed polyimide on the gold coated QCM.    81 

Figure 4.6: XPS of Virgin polyimide.         84 

Figure 4.7: XPS of AO-exposed polyimide.        84 

Figure 4.8: XPS of carbon for virgin polyimide.       85 

Figure 4.9: XPS of carbon peak for AO-exposed polyimide.      85 

Figure 4.10: Oxygen peak of virgin polyimide.       86 

Figure 4.11: Oxygen peak of AO exposed polyimide.      86 

Figure 4.12: XPS of nitrogen peak in virgin polyimide.      87 

Figure 4.13: XPS of nitrogen peak in AO-exposed polyimide.     87 

Figure 4.14: Surface potential decay of virgin polyimide along the X-axis  

and Y-axis measured using a surface potentiometer.       89 

Figure 4.15: Surface potential decay of AO-exposed polyimide along the X-axis  

and Y-axis measured using a surface potentiometer.       89 

Figure 4.16: Two dimensional surface views of potential drop with time for virgin  

sample and AO-exposed sample, respectively, measured by using a  

surface potentiometer.           91 

Figure 4.17: Three dimensional view of potential drop with time for (a) virgin 

 polyimide and (b) AO exposed polyimide measured by using a surface potentiometer.       92 

Figures 4.18: Temporal profile of the potential at the center of the test samples.   93 

Figure 4.19: Comparison of potential decay between experiment and simulation.   95 

 



viii 

 

Tables 

Table 4.1: EDS analysis of AO-exposed and Virgin silver coated QCM.    78 

Table 4.2: EDS analysis of Polyimide coated gold QCM crystal.     82 

Table 4.3: XPS analysis of Virgin and AO exposed polyimide.     83 

Table 4.4: Effect of AO-exposure expressed in term of C/O and C/N ratio.    83 

Table 4.5: Surface resistivity of virgin and AO exposed polyimide.     95 

Table 4.6: Volume resistivity of virgin and AO exposed polyimide.     96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

Abstract 

Spacecraft surface charging can lead to arcing and a loss of electrical power generation 

capability of solar panel, or even loss of a satellite. The charging problem may be further 

aggravated by the atomic oxygen (AO) exposure in Low Earth Orbit (LEO), which modifies 

the surface of materials like, Polyimide, Teflon, anti-reflective coating, cover glass, etc., used 

on satellite surface. These affect material properties, such as resistivity, secondary electron 

emissivity, photo emission, which govern the charging behaviour. These properties are 

crucial input parameters for spacecraft charging analysis.  

  This research develops a new facility at KIT, based on a novel technique for generating 

atomic oxygen flux involving laser induced breakdown of molecular oxygen. High velocity 

AO in an evacuated nozzle is formed, where laser beam breakdowns molecular oxygen into 

AO injected through a pressurized pulse valve into the nozzle. The energy of AO is measured 

using Time of flight (TOF) technique. The generated AO flux is measured using Quartz 

Crystal Microbalance (QCM). The Mass Flow Controller (MFC) inserted in oxygen gas 

supply line measures the net amount of gas being injected through pulse valve. The spectral 

analysis of AO production wavelength (777.6nm) is detected using a spectrometer. The 

relative abundance of generated species is observed using a Quadrupole Mass Analyzer 

System (QMAS). The developed facility produces AO of velocity 814 kms
-1

 having the flux 

in the order of 10
18 

atoms/m
2
/shot. This flux is used to expose spacecraft surface materials for 

extended period of 10 years at 800 km, equivalent to exposure of satellite surface materials to 

atomic oxygen fluence for the normal lifetime of the satellite in orbit. 

This thesis develops a new method and facility for the measurement of resistivity of 

atomic oxygen exposed polyimide by using surface charge decay method.  The resistivity 

measurement is performed in vacuum using the charge storage decay method at room 

temperature, which is considered most appropriate for measuring the resistivity for space 



x 

 

application. The mathematical formulation and experimental facility are indigenously 

developed to measure resistivity as per space requirement. We introduce a new method to 

measure surface and volume resistivity together, which can be further improved to measure 

the secondary electron characteristics. The results show that the surface resistivity increases 

and the volume resistivity remains almost the same for the AO exposure fluence of 5.4x 

10
18

atoms cm
-2 

on polyimide film. 
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Chapter 1: Introduction 

1.1 Statement of the problem 

  Spacecraft charging causes anomalous behavior on satellites, which in recent years 

became more severe due to increase in satellite power requirements
(1)-(3)

.
 
 The potential of the 

spacecraft, which is present in orbital plasma, is determined by a balance among various 

current sources to/from the spacecraft
(4)-(6).

  A spacecraft placed in the plasma will assume a 

floating potential different from the plasma itself.  Let’s, analyze the situation of spacecraft in 

orbital environment by considering the Figure 1.1. 

 

 

Figure 1.1: Spacecraft surface materials in orbital environment 

In darkness, a spacecraft surface will tend to charge negatively from the ambient plasma 

electrons. The plasma is basically neutral, having equal numbers of electrons and ions; 

however, the electrons are much lighter particles, and therefore, move at higher velocities
(7:1)

. 

Hence the negative electron current to the spacecraft surface is greater than the positive ions. 

During sunlight, sunlight exposure provides photoemission, which can act as a charge drain
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 to neutralize the surface potential, or can act as a discharge trigger upon the emergence from 

the eclipse/shadow.  

For geosynchronous orbit (GEO), the satellite surface exposed to sunlight charge to 

positive 23volt due to photoelectron current emitted from the surface. However, during 

eclipse, a negative surface potential is observed. Photoemission from the satellite surface is 

the principal source because of the presence of the extreme ultraviolet wavelength in the 

range (< 200A) in the same region where many materials have rather large photoelectric 

yields and the solar spectrum also has significant energy there. During eclipse, the spacecraft 

roughly charges to a negative potential equivalent to the electron temperature of the plasma. 

For shadowed dielectric or isolated surfaces, the potential may charge to negative 1 to 10kV 

from local electrons. Surface discharges are primarily caused by low energy electrons (up to a 

few tens of keV). 

 In low earth orbit (LEO), the thermal electron currents are the largest and satellites tend to 

be slightly negative. In addition, spacecraft charging is a function of the space environment 

characteristics like solar activity, geomagnetic storm, solar spectrum, etc
(7:2,8)

. The high 

voltage solar array is the primary cause for LEO charging. 

In case of PEO, satellites are exposed to unique environment where the low energy 

ionosphere plasma (0.1~0.2eV) and particles of auroral zone (>1 keV) are mixed. This 

mixing of environment increases the possibility of charging severely, as observed in ADEOS-

2 failure
(2)

. 

Spacecraft surfaces have insulators and conductors on its surface whose electrical 

properties are quite different. In general, all the metallic parts on spacecraft are 

interconnected. Insulator makes the major component of spacecraft surface exposed to orbital 

plasma environment. Where there is a boundary between insulator-conductor-space plasma 
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(called Triple junction) the phenomenon of Electrostatic discharge (EDS) is observed
(9)

.
 
  

This ESD is dependent on the insulator potential, the spacecraft potential (metallic parts - 

connected to the spacecraft ground) and the thickness of the insulator. Although the potential 

difference between the spacecraft and the orbital plasma is important for the charging, it is 

the differential potential between insulator and the conductor that plays a significant role in 

surface discharge. The insulator surface develops a potential due to local balance of charge 

particle which is usually different from the conductor. When the insulator potential is positive 

with respect to spacecraft potential, it is called ‘Inverted Potential Gradient’ (IPG) and the 

opposite case is called ‘Normal Potential Gradient’ (NPG). These IPG or NPG will be 

determined by the orbital plasma and materials characteristics such as, surface resistivity, 

secondary electron and photoelectron which control the distribution or the development of 

surface potential of materials. In general, for LEO orbit with low inclination, IPG is usual 

condition; whereas, for high inclination orbits IPG or NPG can occur. 

  Thus we observe that, the potential of the spacecraft, that is present in orbital plasma, is 

determined by the photoelectron current, the secondary electron current and the current decay 

by surface or volume conductivity, which are material-dependent properties. Hence 

material’s surface characteristics become very important factor in deciding the charging 

condition of spacecraft. Most of these properties of materials can be found in handbooks of 

materials for virgin materials. However, spacecraft charging analysis tool, e.g., NASCAP, 

MUSCAT simulate the charging condition for the entire life time of satellite or spacecraft. 

These tools need the material’s parameters of not only the virgin materials but also of the 

aged materials. Here comes the effect of spacecraft environment and orbital environment 

which affect the surface of materials with the progress of time. 
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  Atomic Oxygen (AO), predominant component of lower earth orbit (LEO) environment, 

is highly corrosive, combining with most materials they encounter
(10)-(12)

. In addition, a 

spacecraft’s orbital velocity of 8km/sec has the effect of exposing a spacecraft to stream of 

AO at energy of approximately 5eV. Space flight experiments have demonstrated that many 

polymers, organic films, and composite materials undergo significant mass erosion and 

changes in the surface properties during the exposure to AO. These changes in surface 

properties of materials include the properties related to spacecraft charging, and make the 

prediction of spacecraft charging throughout the orbital life of a spacecraft very difficult.  

For the reduction of the surface charging, the motion of the conducting electron and holes 

present in the insulator should be good enough to avoid the development of very large 

electric field on insulators
(13)

. Insulator discharge pulse begins to occur when the field 

strength in insulator is more than 1 x 10
5
V/cm.  Hence for reliable prevention of spacecraft 

charging problem, there should be sufficient conduction below a given limit. This conduction 

of hole and electron will take place on the surface of the insulator or on the bulk side 

dissipating charge on insulator. This distribution of charge will cause change in IPG or NPG 

condition. However, with the aging of the insulator surface and change in surface 

characteristics due to AO exposure on the surface materials will modify the behaviour of 

charge propagation on the surface and bulk of insulator. Thus AO exposure will readjust the 

potential condition of insulator and hence the whole system, as it will affect the triple 

junction charge balance also. 

 Thus some basic requirements are, 

 Realisation of the facility that generates LEO atomic oxygen environment. 

 Exposure of sample with atomic AO for same amount of fluence as satellite orbit in 

consideration. 
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 Measurement of resistivity of AO exposed sample as per space requirement. 

1.2 Outline of the dissertation 

  This thesis deals with the effect of atomic oxygen exposure on spacecraft surface 

material polyimide in terms of the surface charging properties, in specific resistivity. In this 

thesis, we discuss the development of in-lab facility for simulating the atomic oxygen (AO) 

environment of lower earth orbit (LEO). We also discuss the development of measurement 

methods of the bulk and surface resistivities. Using the developed measurement method, this 

thesis discusses the effect of AO exposure equivalent to 10years in orbit at 800km on the 

resistivity properties of polyimide. We found that surface resistivity of polyimide increases 

by a factor of two after atomic oxygen exposure, and the volume resistivity remains the same. 

The result established in this thesis about the change of surface resistivity value of polyimide 

due to atomic oxygen exposure will be incorporated in a spacecraft charging analysis tool, 

named Multi-Utility Spacecraft Charging Analysis Tools (MUSCAT) developed by KIT and 

JAXA and is being used for designing Japanese spacecraft. The thesis consists of five 

chapters. They are briefly abstracted as follows: 

Chapter 1: Introduction 

  This chapter first makes the statement of problem, what problem the author tries to solve 

and its impact. The author makes a thorough review on the previous work in the related field. 

The literature were reviewed about the effect of atomic oxygen on the surface materials, the 

simulation method of AO exposure on the ground, measurement method of charging 

properties, previous work on charging property change due to material degradation and 

concerning ideas. At the end, this chapter discusses the research motivation, the purpose of 

the study in brief. 

Chapter 2: AO exposure facility and atomic oxygen characterization  
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  This chapter describes the development of AO exposure facility based on the laser 

supported detonation (LSD) of a molecular oxygen flow. The facility was designed to 

generate higher atomic oxygen flux comparable to orbital condition, so that the desired 

exposure of 10years AO fluence can be carried out. The characterization of AO beam was 

done using a spectrometer which detected fluorescence dominated by 777.6nm, produced due 

to O(P)O(S) transition. This chapter discusses the method to characterize the generated 

atomic oxygen energy and velocity based on Time Of Flight (TOF) technique. This chapter 

also discusses the measurement of atomic oxygen fluence using silver coated QCM and 

polyimide coated QCM. An equipment was developed to coat polyimide on QCM crystal 

which in turn is used for measuring fluence. 

Chapter 3: Resistivity measurement of insulator and mathematical  

formulation  

  Measurement method of resistivity for space application is quite different from 

measuring resistivity for general application and it is still an evolving technique. In this 

chapter, we discuss the method to measure resistivity for the space application purpose. We 

introduce a new experimental method for the measurement of surface and volume resistivity 

based on surface charge decay principle. This method exposes one side of the insulator in 

vacuum to a charge source, with the metal electrode attached to both back and front sides of 

the insulator for measuring surface and volume resistivity. These charges deposited on the 

surface of the insulator diffuse on the surface and migrate downward. Surface potential drop 

data is obtained by capacitive coupling using a surface potentiometer. We also discuss the 

mathematical formulation for the development of the resistivity.  

Chapter 4: Results and Discussion  
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  In this chapter, we discuss the effect of AO beam on the silver and polyimide using the 

SEM imaging. The drop of the surface potential was analyzed in one-dimension and in two-

dimensions using the surface potentiometer which scanned the surface at a regular interval of 

time. The potential drop pattern was analyzed and found to be consisting of two parts: the 

first part due to surface polarization of dielectric materials and the later part due to the flow 

of charge through the bulk and the charge diffusing on the surface of dielectric materials. The 

chapter also deals with the effect of AO exposure on the surface and bulk resistivity of the 

polyimide. Atomic oxygen exposure does not affect the value of volume resistivity. The 

value of surface resistivity is changed by a factor of 2 or more. This change in the surface 

resistivity is supposed to be due to the change in surface morphology which enhances the net 

length for the flow of charge on the surface due to increase in the roughness of the surface. 

Chapter 5: Summary 

  This concluding chapter gives the conclusion of this thesis and future issues of this field. 

In the end of the dissertation, we include the appendix.  

1.3 Literature Reviews  

Space is often incorrectly thought of as a vast, empty vacuum that begins at the outer 

reaches of the Earth’s atmosphere and extends throughout the universe
(14:1,15,16)

. In reality, 

space is a dynamic place that is filled with energetic particles, radiation, and trillions of 

objects, both very large and very small. Compared to what we experience on the Earth, it is a 

place of extremes, having large distance, and very high to low velocities, with large 

temperature difference for small distance. Charged particles, solar storms, photon and many 

outer space generated species continually move in space among which some have so much 

energy that they pass completely through an object in space. Magnetic fields can be intense 

which may govern the life of satellite and human existence on the Earth too. Above all, 
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environment in space is constantly changing. All of these factors influence the design and 

operation of the space systems. For this thesis, the literature are reviewed about the space 

environment, effect of atomic oxygen on the surface materials, the simulation of AO 

exposure environment on the ground, measurement method of charging properties, previous 

work on charging property change due to material degradation and others related aspects. 

1.3.1 Space environment 

Spacecraft operates and interacts with the atmosphere of space. This environment 

generates a limiting condition on the operation of the spacecraft, and under the extreme 

circumstances may cause the loss of spacecraft/satellite. The environment around the satellite 

can be grouped into orbits.  In this dissertation, the major concern is with the space 

environment of Low Earth Orbit (LEO), Polar Earth Orbit (PEO), Highly Elliptical Orbit 

(HEO), and other satellites/spacecrafts passing through atomic oxygen environment of space.  

Low earth orbit (LEO):   

The  Low Earth Orbit (LEO) satellites are those having orbits of an apogee of more than 

100km and not more than approximately 1000km with inclination value below 65
o 

(Hasting). 

Most LEOs are nearly circular with eccentricity very close to zero. Considerable amounts of 

space debris are present in the higher altitudes of LEO above 700km. LEO also has residual 

atmosphere dominated by the atomic oxygen generated due to dissociation of molecular 

oxygen by Ultra Violet (UV) radiation present in solar spectrum. The plasma environment of 

LEO is cold with dense ionospheric plasma. 

Polar earth orbit (PEO):  

The polar Earth orbit satellites are those which pass near or on the top of the two poles 

having altitude of more than 100km and inclination of above 65
o
. PEO therefore has 

an inclination of around 90 degrees to the equator. It also has residual atmosphere of earth 
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like LEO. The plasma environment of this region is different from the LEO due to presence 

of high energy particle. 

Highly elliptical orbit (HEO):  

Perigee of the HEO orbit also passes through the Earth residual atmosphere which has 

higher presence of atomic oxygen.  

1.3. 2 Classification of space environments  

 The environment to which a spacecraft is subjected consists of the combination of the 

ambient (typically a function of the orbit) that generated by the spacecraft itself
(14:1)

. The 

combination of these environments may not be their simple sum but a more complex 

environment brought about by a synergistic, nonlinear interaction. The self-generated 

environment of a spacecraft will be substantially different from the ambient environment of 

the orbit, hence not always the primary orbital environment in consideration is characterizing 

the in-situ spacecraft environment, it is the generated environment which is also important 

and this varies with the design, fabrication materials of spacecraft and its interaction with the 

space environment for a certain period.  

It is useful to characterize the environment in terms of four physical components
(14:1)

:
 
  

 The neutral environment,  

 The plasma environment,  

 The radiation environment, and  

  The particulate environment.  

  The neutral environment includes the residual atmospheric gas and it is released by the 

spacecraft surface materials through outgassing or decomposition, deliberately vented from 

the spacecraft, or emitted during thruster firings. 
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  The plasma environment includes the ambient plasma or that created by hyper velocity 

impact with the spacecraft surfaces. 

  The radiation environment has two components electromagnetic and corpuscular. The 

electromagnetic radiation environment includes the ambient solar photon flux that is reflected 

(and emitted) from the Earth, and the electromagnetic interference (EMI) is generated by the 

operation of spacecraft systems or arcing. It also includes electromagnetic waves generated 

by the plasma environment and photons emitted from spacecraft nuclear sources. The 

corpuscular radiation environment consists of the ambient flux of particles (Electrons, 

photons, heavy ions, and neutrons) and any high-energy particles emitted by nuclear sources 

or reactors.  

The particulate environments consist of ambient meteoroids, orbital debris, and 

particulates released by the spacecraft. These are from a number of sources ranging from dust 

on the surfaces to materials decomposition under thermal cycling and exposure to ultraviolet 

radiation. 

Interaction between the environments and a spacecraft: Each of the four 

environmental components can affect the design and operation of space vehicles or its 

systems. The effect may not be constant over time and will often change as the vehicle ages. 

Even on very short time scale (a fraction of orbital period), the effects of an environmental 

interaction may vary substantially.  

1.3.3 Atomic oxygen in LEO 

1.3.3.1 Formation and presence of atomic oxygen in LEO 

AO is formed by the photo-dissociation of molecular oxygen O2
(17)

, as shown in Figure 

1.2, initiated by the absorption of near solar ultraviolet (UV) radiation dissociating oxygen 

molecules (O2) into free oxygen atoms (O) in the outer ionosphere for altitudes greater than 
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80km as shown in Figure 1.3. The orbits having atomic oxygen are LEO, PEO and HEO as 

shown in Figure 1.4. AO is the predominant species in LEO (below  1,000km) as shown in 

Figure 1.5. These neutral oxygen atoms have mean free paths of the order of 10
4
 m at 400km, 

resulting in extremely low probabilities of re-association.  

  The density of the atomic oxygen in LEO varies with the altitude. Atomic oxygen density 

is highest in the range of 100 – 200km. This values goes on decreasing; however, atomic 

oxygen remains the dominant component as shown in Figure 1.6. Figure 1.7 shows the AO 

flux against the altitude for the City of Kitakyushu. This data is based on the AO density data 

downloaded from the MSIS model provided by NASA for March 2010 (Appendix 1). The 

density data needs to be converted in flux data with the necessary consideration on orbital 

velocity of satellite. In this data the x-axis represents the altitude and the y-axis represents the 

atomic oxygen flux in atomscm
-2

s
-1

. This data is used for the calculation of total fluence a 

spacecraft surface will interact in its life time. AO’s concentration changes as sunspot activity 

varies during the 11-years solar cycle. This effect must be accounted for if long-lived 

operation of the spacecraft system is to be expected.  

  

Figure 1.2 Formation of atomic oxygen in Lower Earth Orbit (LEO). 
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Figure 1.3: Dissociation of molecular oxygen into atomic oxygen by solar UV radiation. 

 

Figure 1.4: Orbits having atomic oxygen presence. 

 

Figure 1.5: Density of atmospheric constituents as a function of altitude 

(http://gltrs.grc.nasa.gov/reports/2004/TM-2004-213400.pdf)
18 

http://gltrs.grc.nasa.gov/reports/2004/TM-2004-213400.pdf
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Figure 1.6: Flux of atomic oxygen against altitude for lower earth orbit satellites. 

1.5.2 Principal of Interaction of AO with materials 

Oxygen atoms are highly corrosive, combining with most materials they encounter. 

Recent space flight experiments have demonstrated that many polymers, organic films, and 

composite materials undergo significant mass erosion and changes in surface properties 

during exposure to AO
(18)

.  In addition, a spacecraft’s orbital velocity of 8km/sec has the 

effect of exposing a spacecraft to a stream of AO at the energy of approximately 5eV. The 

mass is lost and the surface properties change as the spacecraft collides at orbital speed 

(7.8km/sec) with AO within the Earth’s upper atmosphere. The degree of surface degradation 

is directly proportional to AO fluence (total integrated flux). Fluence, in turn, is determined 

by several factors
(19)

, including: 
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Spacecraft altitude: Oxygen populations decrease with greater altitude, although the 

density at different altitudes will vary with the solar cycle or radiation exposure. 

Attitude: Surfaces in the ram or windward direction will be exposed the most, while the 

exposure decreasing by the cosine of the angle of incidence on surfaces away from the ram 

direction. 

Orbital inclination: High inclination orbits expose spacecraft to greater cosmic radiation 

(near the geomagnetic poles and in the South Atlantic anomaly), which can have a synergistic 

effect with AO and possibly to longer periods of solar UV. 

Mission duration: Longer missions mean longer exposure and the greater risk of failure 

due to AO or AO+UV erosion. 

Solar activity: The Sun emits more UV and X-ray during solar maximum (sunspots are 

associated with magnetically active areas) which directly affect spacecraft surfaces and also 

expand the upper atmosphere, thus increasing AO populations at altitude. 

  Models are available on the internet through the NASA space Environments and effects 

program to estimate AO fluence. MSIS-E-90 is one such model which was used for the 

estimation of atomic oxygen fluence in orbits of interest in this thesis. From these, we 

estimate surface erosion. 

   AO by itself is extremely damaging, however, the other elements of the near-Earth space 

environment should not be ignored. The readers of this thesis should also keep in mind that 

the total, combined space environment may affect materials in a variety of ways. Optical 

properties (solar absorptivity and thermal emissivity) may change due to AO bleaching or 

UV radiation darkening. Polymeric films may peel due to thermal cycling. In turn, this opens 

new surfaces that can be attacked by AO or AO+UV
(19)

. The electrical conductivity of a 

material gets affected by AO which is the main investigation of this research hence resulting 
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in spacecraft charging
(20)

. The strength of the composite structures may degrade due to the 

AO erosion of resin binders. The AO effect can reduce the thermal capacity of thermal 

blanket. 

1.3.3.3 Effect of atomic oxygen on materials in space flights 

  Polymers, such as Polyimide KAPTON
®
 and Teflon FEP (fluorinated ethylene 

propylene) are commonly used spacecraft materials due to their desirable properties such as 

flexibility, low density, electrical properties, and in the case of FEP, a very low solar 

absorptance and high thermal emittance
(21)

.  Polyimide has space environmental durability, 

low solar absorptivity (α), and sufficient electrical conductivity to mitigate static charge 

build-up. Examples of the use of polymers on the exterior of spacecraft include metallized 

FEP thermal control materials covering, Kapton solar array blankets and Teflon ePTFE 

(expanded polytetrafluorethylene) cable insulation on the International Space Station (ISS). 

 These polymers on the exterior of spacecraft are exposed to atomic oxygen (AO) in the 

low earth orbit (LEO) environment. The average energy of an oxygen atom impacting 

spacecraft at ram velocities is 5eV. Recent research has shown the scattering of atomic 

oxygen on the ram surface happen and one needs to be careful to calculate net fluence 

considering the scattered atomic oxygen for a particular geometry of spacecraft
(22)

.
 
 

With the energy of 5eV, number of processes can take place when an atomic oxygen 

strikes spacecraft polymeric or metallic surface.  These include chemical reaction with 

surface atoms or adsorbed molecules, elastic scattering, scattering with partial or full thermal 

accommodation, recombination, or excitation of ram species
(18)

. Because the oxidation 

product for most polymers is a gas, AO erosion of polymers in LEO is a serious threat to 

spacecraft durability
(21)

.  For example, more than 0.0127cm (0.005) thickness of Kapton and 

Mylar sheets were eroded away after 5.8years in LEO on the leading edge, or ram AO 
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surface, of the Long Duration Exposure Facility (LDEF). The AO fluence for the leading 

edge of LDEF was 8.99x 10
21

atoms/cm
2
. A cone-like or carpet-type morphology is 

developed, which is the characteristic of directed AO erosion for materials with gaseous 

oxidation products, as shown in Figure 1.7. The atomic oxygen erosion for fixed direction 

arrival with all materials that have volatile oxides is such that it causes the surfaces to erode 

to produce left-standing cones which represent a small fraction of the erosion depth
(18)

. 

Protective coatings can be effective in preventing AO erosion, yet oxidation erosion of the 

underlying polymer can occur at pinhole and can scratch defects through AO undercutting 

erosion. 

 

Figure 1.7: Scanning electron microscope images of pyrolytic graphite, polyimide Kapton 

and Teflon FEP exposed to directed LEO atomic oxygen on EOIM III or the LDEF. 

(http://gltrs.grc.nasa.gov/reports/2004/TM-2004-213400.pdf)
(18) 

  Apart from the physical degradation to the structural ability of the polymers, such as for 

the support of photovoltaic cells on solar array, AO is a threat to other materials’ properties. 

The polymer used for the thermal control due to their thermal emittance characteristics can 

lose its efficiency due to the change in the thickness of the polymer.  Thus erosion of the 

polymer by AO can result in a reduced thermal emittance capability, which would give rise to 

increases in spacecraft temperature. It is, therefore, essential to understand the AO erosion 

http://gltrs.grc.nasa.gov/reports/2004/TM-2004-213400.pdf
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yield (E, the volume loss per incident oxygen atom) of polymers being considered in 

spacecraft design. 

In addition to change in these physical properties, atomic oxygen can also modify the 

electrical properties as well as chemical properties of the surface. The change in electrical 

properties will be discussed in different sections of this thesis. 

  Different methods have been established for simulating the laboratory-based AO 

environment to carry out interaction evaluation of materials for space applications. Although 

ground laboratory procedures have been established and are used for erosion yield 

determination, actual in-space data is more reliable, and therefore, more desirable than results 

of ground tests.  The National Aeronautics and Space Administration (NASA) of US, 

Japanese Space Agency (JAXA) and Russian space agency (ROSCOSMOS) have been 

exposing different polymers to the LEO environment on the exterior of the ISS.  MISSE is a 

passive materials flight experiment sponsored by NASA, as shown in Figure 1.8 and 1.9. 

Most of the data related to the behaviour of materials in the AO environment are obtained 

from experiments aboard, the U.S space shuttle, LDEF, Russian Mir station and currently 

from the International Space Station.     

 

Figure 1.8: MISSE project specimens are placed onto trays and inserted into Passive 

Experiment Containers (PECs). www.nasa.gov/centers/langley/news/factsheets/MISSE.html 

http://www.nasa.gov/centers/langley/news/factsheets/MISSE.html
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Figure 1.9: MISSE experiments being carried out at ISS in space 

(www.nasa.gov/centers/langley/news/factsheets/MISSE.html) 

1.3.4 Ground-based atomic oxygen facility 

  It is quite difficult to make facilities for generating atomic oxygen which produce same 

effect as the space atomic oxygen. However, there are a few famous methods for producing 

atomic oxygen source. Some of these are listed below: 

 Atomic oxygen source with compact ECR plasma
(24)

.
 
 

 Atomic oxygen source based on chemical reaction between nitrogen atoms with nitric 

oxide to produce, beside atomic oxygen, molecular nitrogen
(25)

. 

 Atomic oxygen flux by extracting atomic oxygen ions from Hall Effect ion source 

thrusters and then de-ionizing
(26)

. 

 Atomic oxygen source based on cold cathode ion source
(27)

. 

 Atomic oxygen source based on laser supported detonation (LSD) of molecular 

oxygen flow
 (28, 29)

. 

http://www.nasa.gov/centers/langley/news/factsheets/MISSE.html
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  Most of the facilities used across the world such as, like NASA, ESA, JAXA and Kobe 

University are based on the laser induced dissociation. Some of the facilities, especially the 

Beijing Institute of Satellite Environmental Engineering (BISEE) is based on the Electron 

Cyclotron Ion Source (ECR). The other facilities are scattered around the world. 

  The facility built at KIT is based on Laser Supported Detonation (LSD). The conceptual 

theory of this method was developed by Physical Science Incorporation (PSI), USA and was 

realised by Caledonia et  al. at PSI. 

  It has been experimentally proved that the atomic oxygen effects in a ground-based 

facility are sometimes very different from those exposed in low Earth orbit (LEO). This 

difference has often been attributed to a synergistic reaction between atomic oxygen and 

vacuum ultraviolet radiation present in many ground-based atomic oxygen facilities
(30,31)

. 

Tagawa et al. have shown enhanced erosion rate for Fluorocarbon Polymers; however, they 

have shown that enhancement is relatively small. Energy and presence of charged species 

also play a role in this observed difference in erosion yield. It was found that each polymer 

appears to have atomic oxygen synergistic effects with different components of the 

environment
(32,33)

. Ground testing using the expected space environment components, and the 

development of correlation factors to relate the ground test to a particular mission 

environment, are important for space material durability and charging requirement. 

1.3.5 Spacecraft charging and its analysis 

For a satellite, the electrical conductive nature of the surrounding plasma results in the 

charging of the surface. The plasma component of the environment represents a current flow 

to the spacecraft skin and the exposed parts. Charging of the surface happens mainly due to 

the difference between the ambient electron and ion fluxes from the plasma. Electrons move 

faster than ions because of their mass difference, and therefore, the ambient electron flux is 
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often much greater than the ambient ion flux. Intrinsic imbalances in this current flow result 

in the build-up of charge on all surfaces exposed to the plasma. For typical surface areas, 

charging takes a few milliseconds to come to equilibrium. The time is longer for differential 

charging
(5)

. At LEO altitudes, charging is at low level, tens of volts, only unless high voltage 

solar array is not used
(4)

.  This happens as the ambient plasma in this region is dense and not 

energetic. If the surface potential tries to increase, the opposite charges would be attracted in 

abundance to prevent any high potential formation
(4)

. Since the ions in LEO are slower than a 

spacecraft, there is a void of ions in the spacecraft wake, where the potential tends to be 

negative. The only significant natural charging region in the LEO environment is the auroral 

zone where the electrons are often directional and energetic. 

Since different surface materials have different properties, such as secondary and 

backscattered emissions, photoelectron and resistivity characteristics, a spacecraft covered 

with different pieces of surface materials may suffer from differential charging.  

For LEO Spacecraft, which has strong magnetic field, charging may be induced by the 

motion of the spacecraft across the geomagnetic field which introduces anisotropies. The 

anisotropy induced by the magnetic field means that the spacecraft can easily collect 

electrons from the direction of -V and from the direction of B but not from the V X B
(14:2)

.  

The current flow to the spacecraft also may be significantly modified by the electric fields 

generated by a high-voltage power system exposed to the space environment, electron and 

ion beam, exposed high potential junction, highly biased electrode and plasma contractors.  

The differential charging can produce potential gradient between electrically isolated 

surface of the spacecraft and relative to the spacecraft ground and space plasma.  The build-

up of differential potentials on the surface of the spacecraft or on the power system can give 

rise to destructive arc discharges or micro-arcs which generate electromagnetic noise and 
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erode surfaces. Surface erosion from the surface of satellite contributes to the gas and dust 

environments near the spacecraft which generate new current balance.  

For highly biased solar arrays in LEO plasma, the arcing for conventionally designed solar 

cells is so severe that it destroys the array. The space station solar arrays were chosen to 

operate at 160volts to stay comfortably below an empirically determined arcing threshold of 

200volts.  

The passive way of charge mitigation are sharp spike, conducting grid, semi-conducting 

paints, high secondary electron yield; whereas the active way to mitigate the effects of 

surface charging is hot filament, electron beam, ion beam, plasma emission, evaporation, and 

metal based dielectric on the spacecraft
(5)

. The dense plasma supplies the charge required to 

neutralize the differential charge build-up on the surface and to balance the currents due to 

the ambient plasma while maintaining a desired frame potential. Thus the central theme of 

spacecraft charging is how spacecraft interacts with the plasma environment to cause 

charging. Spacecraft accumulates charge and adopts potential in response to the interaction 

with plasma environment.  

Material properties are significant area of difficulty for spacecraft charging because of the 

uncertain or no-standardized properties. Even simulation tools for spacecraft charging, like 

MUSCAT, are not certain because of the sensitive nature of the material properties and their 

electrical characteristics. The key parameters in modelling spacecraft charging are the 

electron emission properties of insulating materials such as, 

 Surface and bulk resistivity of metal and insulating materials 

 Secondary electron emission (SEE) coefficient, and 

 Photoemission (PE) 

 Backscattered electrons 
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These parameters determine how much charge will accumulate in key spacecraft 

components in response to incident electron, ion, and photon fluxes. We will discuss each 

one in some details. 

1.3.6 Surface and bulk resistivity for space application and LEO atomic oxygen effect 

American Standard for Testing of Materials (ASTM) method of resistivity measurement 

does not provide the resistivity values of very high resistant materials correctly. Further the 

duration of the data collection is quite short and hence the primary current used to determine 

the resistivity are caused by the polarization of the molecules by the electric field. NASA 

handbook 4002, NASA technical paper 2361, and other documents for spacecraft design 

advice the use of slightly conductive insulator is preferred to mitigate spacecraft charging. 

However, it is difficult to find valid measurements for the conductivity of the insulating 

materials during service in the space environment. Ohm’s law provides a common 

perspective for predicting particle currents in spacecraft insulator, but it is not sufficient
(35)

. 

Instead, one must consider the generation of mobile electrons and holes, their trapping, 

thermal de-trapping, mobility, and recombination. J. R. Denssion et al. have done some great 

work in the field of resistivity measurement for space application. They gave a plot of decay 

time as a function of resistivity based on   V(t) = V0e
-t/

   or , (t) = 0 e
-t/ 

 with = R . C, 

where, V0 and 0 are the initial voltage or charge density respectively for parallel-plate 

capacitor model. This plot (in Figure 1.10) gives idea about the safety in designing the 

satellite. Based on the above concept, plot of resistivity against the decay time for the 

charging safety condition is shown in Figure 1.10. 

Considering these results, marginally dangerous conditions begin to occur for materials 

with resistivity in excess of ~ 10
16
cm with 2 < r < 4, when  exceeds ~1hours. More severe 
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charging condition occur for   r  >  10
18
cm, when decay time exceeds ~1 days

(35)
. The 

method of resistivity measurement can be classified into two categories: 

A. Classical Methods: Classical methods measure thin-film insulator resistivity based on 

parallel-plate capacitor method. This method determines the conductivity of insulators by 

applying a constant E-field. The presence of two conducting surfaces, the charge and E-field 

profile, and the charge injection method differ from typical spacecraft scenarios. Hence this 

method cannot be accepted as the true case of the space.  Also, the classical methods ignore 

the fact that resistivity continues to change over long time periods as the material responds to 

the applied electric field and the accumulated charge distribution. The durations of standard 

test are short enough when primary currents used to determine resistivity are often caused by 

the polarization of molecules by the applied electric field rather than by charge transport 

through the bulk of dielectric. In order to reduce the influence of the polarization condition on 

the resistivity values, testing should be done for much longer periods of time under well-

controlled vacuum environment, so that accurate observation of the more relevant charged 

particle transport through a dielectric material is possible.  

 

Figure 1.10: Decay time as a function of resistivity based on a simple capacitor model
(35)

. 
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B. Charge Storage Method: 

The charge storage method was developed by Frederickson et al. and others to measure 

the resistivity in a more applicable configuration
(35)-(37)

. In this method, charge is deposited 

near the surface of an insulator and allowed to migrate through the dielectric to a grounded 

electrode; with this configuration one can measure volume resistivity. The charge on the 

surface can decay by the following mechanism; neutralization by gaseous ions generated in 

pair by natural background radiationr, surface conduction (which is highly dependent on 

condition of surface and surrounding environment), charge injection into the bulk and charge 

trapping and de-trapping process, volume conduction
(36)

. The microscopic details of this 

method can be found in the works of Denision et al. and M. Debska
(38)

.  

 We introduce further modification to measure surface and volume resistivity together by 

allowing the diffusion of charge on dielectric surface as well as its migration through the 

materials. This thesis focuses on the change in resistivity properties of polyimide which is 

predominantly used on satellite surface for thermal control purpose. 

The interaction of the LEO atomic oxygen with the outer surfaces of a satellite can result 

in materials degradation by modifying their chemical, electrical, thermal, optical, mechanical 

and charging properties. Thus atomic oxygen influences on how charge will accumulate and 

redistribute across the spacecraft’s AO-modified surface, as well as the timescale for charge 

transport and its dissipation. 

1.3.7 Secondary electron emission (SE) coefficient measurement 

The energy of the electron beam in space varies from several electron volts to several kilo 

electron volts. The satellite will interact with these electrons depending on the orbits in which 

they are placed. Secondary electrons (SEs) are those electrons, which were initially part of 
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the valence or core levels of the material and have been excited to escape the materials under 

the primary electron (PE) beam from the space plasma (Electrons).  

The Secondary Electron Yield (SEY) δ (E) of a surface material is not only a function of 

primary energy and incident angle but also on the surface condition
 
such as physical features, 

the chemical composition, the lattice structures, the dose of electrons or ions deposited, the 

surface temperature, the thickness of layers, surface smoothness or coarseness
(34)

. Here δ(E) 

depends on the incidence angle of the primary electrons. For a coarse surface, the incident 

angle varies from one point to another on the surface. For surfaces with grooves, the groove 

walls can partially re-absorb the secondary electrons emitted from by the depth of the 

grooves. If the material is very thin, secondary electrons can come out not only from the front 

side but also from the back side
(34)

. In the case, where very thin materials are used on the 

surface, the primary electrons can penetrate the top layer and influence underneath layer 

which may have different material properties. The effect of the temperature of the surface 

will also affect on SEY.  

Long time bombardment by atomic oxygen, other gas species, energetic ambient electrons 

and ions will affects the surface morphology, surface chemical composition, and lattice 

structure near the surface. Atomic oxygen can cause the surface erosion as well as chemical 

reaction, whereas protons and ions can cause sputtering by knocking out neutral atoms. The 

knocked out materials from one part can settle in another parts. Energetic electron penetration 

into dielectrics can cause build up of significant internal electric fields, depending on the dose 

and fluence. All these will affect the value of secondary electron emission with time. Hence 

the SEE emission yield of the satellite surface materials will be a time dependent function. 
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1.3.8 Photoemission measurement 

  The presence of solar radiation of all wavelengths can also have strong influence on the 

surface charging of satellite. The three primary interaction of photon with the materials are 

photoelectric effect, Compton scattering and pair production. In photoelectric effect, photons 

of sufficiently low wavelength present in solar spectrum eject electron from the surface of 

materials. Photoelectrons are emitted when a single photon of energy ‘h’ is absorbed by the 

solid. Photoelectron coefficient varies according to the nature of materials.  The energy of the 

photon must be larger than the energy separation between the top of the valence band and the 

vacuum level. For metal, this energy is the work function.  In the case of insulators where the 

Fermi level is not defined, photoelectron threshold is just the energy between the most 

weakly bound electron state and the vacuum level. 

  The phenomenon of photoemission is one of the method by which satellite can have 

charging of its surface depending on the photoemission coefficient of materials surface. The 

change in surface morphology will affect the photoemission coefficient of the materials. 

Hence the effect of atomic oxygen on the surface may modify the photoemission coefficient 

of materials, while changing the charge balance of the surface with space plasma, which can 

cause generation of differential charging condition also. 

Photoemission from surfaces depends not only on the surface material but also on the 

surface condition
(34)

. The photoelectron yield Yph(R) per incoming photon decreases as the 

reflectance R increases.
(34)

 

                                             Yph = (1- R())Yph (0, ) 

R is a function of the photon frequency ω. If there is no reflectance, every incoming 

photon is absorbed. With a finite R, some photons are reflected, resulting in less energy 
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transfer from the incident light to the surface material. The photoelectron flux J(R) generated 

from a surface is given by  

                           J (R,) = J (0, ) (1-R()) = I ( ) Yph R(  ) 

Where,                            J (0, ) = I ( ) Yph (0, ) 

Here, I(ω) is the incident light intensity. Varying the photoelectron current Iph, the 

spacecraft charging calculations would be affected. Surfaces with deep grooves emit less 

photoelectron than smooth surfaces. Though the incident photons may be well absorbed by 

the material, the photoelectrons generated from the deep grooves may be re-absorbed by the 

walls of the grooves. A highly reflective surface generates little or no photoemission.  

If a highly reflective surface is located next to a non-reflective one, the difference in their 

photoemissions renders differential charging between the surfaces in sunlight. In turn, 

differential charging may cause a sudden discharge, which may cause satellite anomalies or 

failures. Further, difference in SEY and photoelectron yield will cause differential charging 

between two different insulators and even for same insulator with different surface condition. 

For spacecraft charging simulation tools, such as MUSCAT, it is insufficient to use a value of 

the photoelectron yield and secondary electron yield of virgin materials for entire time of 

satellite in orbit. The knowledge of surface condition with the progress of time is essential- 

hence the modified values of SEY and photoelectron yields are required.  

1.3.9 Backscattered electrons 

When the electron beam strikes the material surface, some of the electrons will reverse the 

direction and will backscatter from the materials, much in the same way as space craft 

interact with the gravity of a planet. Electron are attracted to the positive nucleus but if the 

angle is just right instead of being captured it will circle the nucleus and come back out of the 



  Introduction   28 

 

 

Electrical Engineering                                                         Kyushu Institute of Technology    

 

materials without slowing down. These electrons are called backscattered electrons because 

they come back out of the materials. 

The effects on backscattering due to surface coarseness and contamination need to be 

understood
 (34)

.  

1.3.10 Spacecraft charging property database 

  Figure 1.11 depicts the ratio and origin of satellite losses. From the figure, ESD 

accounted for more than 50% of all satellite accidents. 

Some spacecraft charging analysis tools were developed to analyse the pre-launch 

feasibility of spacecraft/satellite in orbits. They are designed to analyse the space 

environment with given structural and material properties of satellite/spacecraft in question. 

One such spacecraft charging analysis tools is NASCAP for NASA. Japanese Space Agency 

(JAXA) in collaboration with KIT developed Multi-Utility Spacecraft Charging Analysis 

Tools (MUSCAT) that provides charging analysis for Japanese spacecraft/satellites. This 

MUSCAT needs materials parameters of virgin as well as aged materials. So, the need for the 

database of materials property is felt.  

 

Figure 1.11: Satellite obstructions due to space environment. This statistics had been 

researched by Koons et al. (during the period form1973 to 1997)
(39)

. 

 



  Introduction   29 

 

 

Electrical Engineering                                                         Kyushu Institute of Technology    

 

 

Figure 1.12: Spacecraft charging tools MUSCAT; inputting the values of materials’ 

parameters for simulating spacecraft charging condition.
 

Resistivity is a key material parameter input for analytic spacecraft charging model, such 

as MUSCAT, developed by KIT/JAXA, shown in Figure 1.12.  Especially, we focus on how 

to measure the resistivity for space application.  

1.4 Research Motivation 

  Since the late 1990s, the size of telecommunication satellites has increased drastically as 

a demand of more communication capacitance and increase of satellite TV channels. To save 

the launch cost by keeping the number of launches low, the number of transponders per 

satellite was increased. Satellite power level has been also increased.  Now-a-days, major 

commercial telecommunication satellites consume power larger than 10kW. To manage the 

large power efficiently, photovoltaic generation and transmission voltage were also increased. 

Satellite bus voltage has increased to 100V from 50V that was used commonly for previous 

satellites in 90s or before.  

  As the satellite voltage was increased, accidents on solar array occurred very frequently. 

The accidents were mostly due to arcing and subsequent short circuit of array circuit. The 

accidents were also not limited to GEO (Geosynchronous Earth Orbit). Polar Earth Orbit 
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(PEO) satellites also suffered the accident; one example was the total loss of Japanese 

satellite ADEOS- 2 in 2003. 

  The central theme of spacecraft charging is how spacecraft interacts with the plasma 

environment to cause charging.
 
Spacecraft accumulates charge and adopts potential in 

response to interaction with the plasma environment. The key parameters in modelling 

spacecraft charging are the electron emission properties of insulating materials, such as                                                                        

Secondary Electron Emission (SEE) coefficient, Photo Emission (PE), and surface and bulk 

conductivity of metal, and insulating materials used on the surface of satellites/spacecrafts. 

These parameters determine how much charge will accumulate in key spacecraft components 

in response to incident electron, ion, and photon fluxes.  It has been recognized that atomic 

oxygen present in LEO is one of the most important hazards to the spacecraft polymeric 

material resulting in modifying the surface properties of the materials. Thus the interaction of 

the LEO’s atomic oxygen with the outer surfaces of a satellite may result in material’s 

degradation, modifying their chemical, electrical, thermal, optical and/or mechanical 

properties. This influences how charge will accumulate and redistribute across the spacecraft 

atomic oxygen modified surface as well as the time-scale for charge transport and dissipation.   

1.5 Purpose of Study 

This thesis focuses on the change in resistivity properties of polyimide, predominantly 

used on satellite surface due to lower earth atomic oxygen exposure. Resistivity is a key 

material parameter input for analytic spacecraft charging model, such as MUSCAT, 

developed by KIT/JAXA.  Special focus is on how to measure resistivity for space 

application.    To measure the resistivity of spacecraft insulator materials, the charge storage 

method developed by Frederickson et al. is the most suitable configuration in space type 

environment. In this method, charge is deposited on the surface of an insulator and is allowed 
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to migrate through the dielectric. With this configuration, one can measure volume resistivity. 

This dissertation introduces further modification to measure the surface and volume 

resistivity together by allowing the diffusion of charge on dielectric surface as well as its 

migration through the materials. In the present work, we discuss a laser detonation source 

which produces LEO-type atomic oxygen environment having less than 10eV similar to 

LEO. After the degradation of spacecraft surface materials due to exposure, surface 

properties like bulk and surface resistivity are measured. A comparative study between the 

exposed and virgin materials will give more accurate prediction of charging and arcing 

process on spacecraft.  

1.6 Scope of study 

  We will use these data for the spacecraft charging and arcing simulation tool MUSCAT, 

developed at our laboratory. This will make more accurate and precise prediction of charging 

and arcing condition for spacecraft throughout its lifetime. 

Previous researchers faced obstacles in exploring the charging characteristics of atomic 

oxygen modified materials because of the lack of a reliable reference and scarcity of research 

work done in the field of charging characteristics of surface modified by atomic oxygen and 

space environment. The development was further handicapped by the high cost and difficulty 

in simulating atomic oxygen environment in laboratory and other charging characterisation 

facilities.  

Both of these obstacles are successfully solved in this research in term of the experimental 

achievement. 

In this research, we first discuss the development of atomic oxygen facility, and then we 

present the technique for measuring the surface and bulk resistivity of atomic oxygen 
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exposed sample, along with the necessary mathematical formulation used for calculating 

resistivity which can be further improved to measure secondary electron characteristics. 
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Chapter 2: AO exposure facility and atomic oxygen 

characterization   

  It is quite difficult to make facilities which generate atomic oxygen producing the same 

effect as the space atomic oxygen. However, there are few known methods for producing 

atomic oxygen source. Some of those here: 

 Atomic oxygen source with compact ECR plasma
(1)

. 

 Atomic oxygen source based on chemical reaction between nitrogen atoms with nitric 

oxide to produce, beside atomic oxygen, molecular nitrogen
(2)

. 

 Atomic oxygen flux by extracting atomic oxygen ions from Hall Effect ion source 

thrusters and then de-ionizing
(3).

 

 Atomic oxygen source based on cold cathode ion source
(4)

. 

 Atomic oxygen source based on laser supported detonation (LSD) of molecular 

oxygen flow
(5,6)

. 

  Most of the facilities used across the world, such as at NASA, ESA, JAXA, Kobe 

University, are based on the laser induced dissociation. Some of the facilities, especially the 

Beijing Institute of Satellite Environmental Engineering (BISEE) is based on the Electron 

Cyclotron Ion Source (ECR). The other facilities are scattered around the world. 

  The facility built at KIT is based on laser supported detonation (LSD). The conceptual 

theory of this method was developed by Physical Science Incorporation (PSI), USA and was 

realised by Caledonia et al. at PSI
(5,6)

. 

2.1 Designing of AO generation facility 

  AO generation technique used in this study is based on the dissociation of molecular 

oxygen into atomic oxygen, originally developed by Caledonia et al. The molecular oxygen 

is introduced into a previously evacuated expansion nozzle by a fast acting pulse valve whose 

pulse opening time is chosen to just fill the nozzle with oxygen gas. A pulsed CO2 laser of 5.5 
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joule is then used to break down the gas with the subsequent laser supported detonation 

(LSD) wave creating high temperature plasma near the throat region of the nozzle. Hence it 

causes high velocity of atomic oxygen in an evacuated hypersonic nozzle. The plasma 

expands down the nozzle as a blast wave, ingesting and dissociating the gas in front of it, 

with ultimate conversion of thermal energy to directed velocity. The expansion is so tailored 

as to allow for electron-ion recombination without atomic recombination. Thus each laser 

pulse produces a temporally narrow high flux pulse of oxygen atom at the nozzle exhaust.  

This atomic oxygen flux interacts with materials kept inside chamber for exposure testing.  

This accelerated exposure test will produce almost the same effect on the materials surface as 

if it is exposed to the actual atomic oxygen environment of LEO. The exposed material will 

be tested for the charging properties, like bulk conductivity and surface conductivity. A 

schematic diagram of AO chamber showing different component location for AO generation, 

exposure, detection is shown in Figure 2.1.  

Nozzle

CO2 Laser

Quadrupole mass 

analysis system

Pulsed 

valve

Sample 

mount CO2 Laser 

beam

QCM

 

Figure 2.1: Schematic of atomic oxygen formation facility. 
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The most important requirement of this research was to make an AO-facility which 

generates atomic oxygen with higher flux compared to space so that the materials can be 

exposed for equivalent amount of atomic oxygen fluence of 10years orbital life time. This 

means that system should have higher flux and should be able to be used at higher frequency. 

The combination of higher flux and higher frequency operation will make the exposure of 

satellite surface materials to AO environment fast as needed.  Frequency of operation is 

calculated using the following formula keeping the restriction of 10
-3

Pa pressure before 

shooting of laser for fast operation. The restriction of 10
-3

Pa comes from the condition to 

make collision free atomic oxygen. A pressure of above this value will cause the 

recombination of generated atomic oxygen and hence reducing the AO flux. The second part 

of the limitation comes from the operation of turbomolecular pump for this facility whose 

pumping rate is 2300l/s. The frequency of operation is calculated by using the following 

formula: 

T= V/S  Ln (P2/ P1),  

In term of frequency, above equation becomes, 

f = 1/T = S/V ln (P1/P2) 

Where T = time taken to come back to original pressure (10
-3 

Pa); 

 V= volume of the chamber;  

S= pumping speed of the pump:  

P2= pressure after AO generation; 

 P1 = minimum required pressure of 10
-3

Pa.  

Using the above mathematical calculation, we calculate the frequency of operation, as 

shown in Figure 2.2, which can be carried with certain size of chamber with given pumping 

system. Figure 2.2 shows that, for the given TMP pump of 2300liter/s capacity, frequency of 
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about 4Hz for the chamber of 100liters and a frequency of about 8Hz for the volume of about 

50liters are possible. The carbon dioxide laser “ALL MARK APS from Altec” has a 

maximum operation frequency of 10Hz.  The expected local fluence of AO per pulse is 

calculated by considering the dissociation of molecular oxygen in AO and its distribution in 

the area of 0.1256m
2
 (radius of the chamber 0.20m) with 0.1SCC particle entering into the 

chamber with each shot. The number of atomic oxygen will be in the range of 10
18

atoms/m
2
 

at a distance of 0.40m from the nozzle.  

 

Figure 2.2: Volume vs. frequency graph for 0.1 SCC and 0.2 SCC operations to keep the 

pressure below 10
-3

Pa. 

The AO exposure facility has the following main sections: 

Vacuum Chamber:  

The chamber, as shown below in Figure 2.3, is designed in two parts with the first part 

being conical and the second part being cylindrical. The total volume of the chamber is 

around 100liters. It has detachable conical part having a volume of about 45liters, which can 
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be used separately for operation of about 8Hz. The cylindrical part is having a volume of 

55liters. With its total volume of 100liter, the system can be used for 4Hz operation for the 

exposure experiment. The chamber is equipped with a few viewports and is feed through 

ports for the insertion of various detection and analysis instruments. 

Vacuum system:  

The operating background pressure of 10
-5

Pa, sufficiently low to ensure collision-less 

passage of the energetic oxygen atom beam is achieved by using a turbomolecular pump 

(TMP) of 2230l/sec in conjunction with a rotary pump. With this pumping system we can use 

up to 8Hz operation of the system by using only the conical part of 45liters. For the full AO-

exposure facility, operating frequency of 3Hz is used with safety margin for the full length of 

chamber is to be used. The current exposure experiments are carried out with the full 

chamber configuration. 

 

Figure 2.3: The vacuum chamber in which atomic oxygen is generated 

Laser System:  
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A CO2 pulsed laser provides 5.5J of energy per pulse at 10.6m of wavelength for 

dissociating molecular oxygen is employed in this research. The laser system works at 30kV 

discharge voltage. This laser application voltage can be controlled to modify the energy of 

the beam. The laser frequency at which we operate is 3Hz for exposure analysis. The laser 

beam power distribution is 27x 27mm. Laser pulse is focused on the nozzle tip using ZnSe 

lens, as shown in Figure 2.4, where the dissociation of molecular oxygen into atomic oxygen 

occur. A laser alignment system using the diode laser is used for the proper alignment of CO2 

laser pulse at pulse valve. 

Pulse valve: 

 Pulse valve, as shown in Figure 2.5, injects oxygen into nozzle in pulse form. The gas 

released from cylinder is injected into the chamber in pulses using a pulse valve, whose 

opening time allows the control of the amount of gas to be injected into nozzle for the 

dissociation.  

 

Figure 2.4: Lens used for focusing CO2 laser beam at nozzle. 
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Figure 2.5: Pulse valve used for injecting molecular oxygen into nozzle. 

Nozzle:  

The pulse valve injects oxygen gas in the nozzle, connected as shown in Figure 2.6, where it 

interacts with laser beam. This causes the dissociation of oxygen to atomic oxygen from 

where the atomic oxygen moves towards the chamber at high energy. The nozzle is made of 

oxygen free copper material in order to dissipate heat energy quickly. The nozzle also does 

the function of focusing of laser beam by multiple reflections from its wall. 

  

Figure 2.6: Pulse valve connected to the nozzle head. 
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Mass flow controller:  

The molecular oxygen gas released from the cylinder is injected into the nozzle using a 

pulse valve in controlled and measured amount by using a mass flow controller. Block 

diagram showing position of MFC is shown in Figure 2.7. 

 

Figure 2.7 location of Mass Flow Controller (MFC) in the gas supply line 

System for separating AO chamber with Quadrupole Mass Analysis System (QMAS) 

Chamber:  

It is very important to maintain low pressure in QMAS chamber as the instrument can 

function only below 10
-4

Pa. So we separated the two chambers using an orifice (shown in 

Figure 2.8) and gate valve. Diameter of the hole in the orifices is 0.1mm. The block diagram 

shown in Figure 2.9 shows the location of orifice and gate valve in the facility separating 

QMAS chamber with the AO-exposure chamber. 

 

Figure 2.8: Orifice with 1mm hole diameter for allowing passage of generated AO. 
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Figure 2.9: Position of orifice in facility. 

In order to understand, how much gas will pass through the orifice, conductance of a free 

molecular flow from circular orifice is calculated. Conductance is given by 

                  U (orifices) = 62.5 A / M
1/2 

liter/sec at 20
0
C  

Where, 

A = area of the orifice in cm
2
  

M = gram molecular weight (concerned gas) 

Hence, Conductance can be measured as, 

U = 62.5 x 3.14 x 0.1 x 0.1 / (4 x 32
1/2

) = 0.0867 liter/sec = 86.7cm
3
/s 

Throughput can be given by, 

Q = U (P2 – P1)  

If we consider the pressure of the main chamber, P2 = 10
-5

Pa and QMAS chamber’s pressure 

= 10
-7

Pa, we get, 

Q= 86.7 x 10
-6  

 (10
-5

 - 10
-7

) = 86.7 x 10
-6 

x 9.9 x 10
-6

Pam
3
/sec = 858.33 x 10

-12
Pam

3
/sec  

Control unit (Delay Pulse Generator, DPG):  

DPG controls the time delay between the pulse valve opening and laser triggering. It acts 

as the heart of the system, which sends signals to different units for synchronised operation.  

Figure 2.10 shows the functioning of the DPG. In this Figure, the red lines show the signal 

sent by DPG. DPG is used to send spike signals to the pulse valve and the laser system. The 

first spike signal is sent to the pulse valve to control the opening of the PV. The pulse valve, 
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opening time is controlled by the pulse valve controller unit, which allows fixed amount of 

gas injection into the nozzle. This time-period, for which the pulse valve remains open, is 

called “opening time of PV”.  

DPG generates the second spike signal for the laser system. This second signal for the 

laser ignition is generated with certain time delay after the first signal for the pulse valve 

controller for PV opening.  The time delay between the two signals is called Laser Delay 

(LD). The time delay allows the passage of gas from the PV input to the nozzle input in a 

pulse. Figure 2.11 shows the two signals PV and LD. 

 

Figure 2.10: Functioning of the DPG; the red line shows the signal send by DPG. 

 

Figure 2.11: Signal sent by DPG control pulse valve opening and Laser triggering. 
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The block diagram of the complete AO facility is shown in Figure 2.12. Figure 2.13 shows 

the facility at operation at KIT. This facility is used for the exposure of materials. 

 

Figure 2.12: Block diagram of full AO facility. 

 

Figure 2.13: AO exposure facility built at KIT. 

2.2 Spin coating equipment for measuring the mass response 

Polyimide-coated QCM is used for the measurement of AO-Fluence
(7)

.
 
Polyimide-coated 

QCM crystals are not available commercially for sale. An equipment, which can make 
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polyimide coated QCM was developed. Polyimide gel was bought from the Toray, Japan, and 

was coated in laboratory on gold-coated QCM crystal with the lab-built spin coating system.  

The QCM head is shown in Figure 2.14. The lab-built facility to coat polyimide on QCM 

crystal is shown in Figure 2.15 and Figure 2.16. 

 

Figure 2.14: QCM head showing the position of crystal. 

 

Figure 2.15: Lab-built spin coating facility for coating polyimide on gold-coated quartz 

crystal. 
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Figure 2.16: Spin coating head unit for fixing crystal. 

After coating the polyimide gel on gold-coated QCM, the crystal is annealing at high 

temperature in vacuum, to make the coating permanent with good adhesion, as per the 

instruction of the company.                                                                                                                        

 Quality testing of the polyimide-coating on QCM crystal is done by taking the optical 

microscopic and roughness measurements of the surface. The roughness measurement of 

polyimide-coated QCM crystal is shown in Figure 2.17. The roughness measurement is 

carried out using SURFOCOM 1400D-12, as shown in Figure 2.18. This instrument has the 

resolution in the range of 0.2μm to 0.0004μm with different settings; this was enough for 

polyimide coating on QCM.  In this graph, x-axis is the length of the QCM crystal and y-axis 

is the roughness value. It shows that the coating was quite uniform and good in quality.  This 

polyimide-coated QCM crystal is used for the measurement of AO-fluence. Figure 2.19 

shows the gold-coated QCM crystal and polyimide-coated QCM crystal. For polyimide 

coating on gold-coated QCM crystal is used as the base crystal in order to prevent the 

reaction of AO with the gold. AO is almost inert against gold. 
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Figure 2.17: Roughness measurement of polyimide coated QCM crystal. 

 

Figure 2.18: Surface roughness measurement instrument SURFCOM1400D-12 

http://www.accretech.jp/english/pdf/measuring/sfcm14de.pdf 

 

Figure 2.19: QCM crystals before and after polyimide coating, gold coated QCM is used as 

base crystal. 

http://www.accretech.jp/english/pdf/measuring/sfcm14de.pdf


  AO exposure facility and atomic oxygen characterization  51 

 

 

Electrical Engineering                                                          Kyushu Institute of Technology 

 

2.3 Calculation of number of particle injected into the chamber:  

The number of particles injected into the chamber is calculated using the rise of the chamber 

pressure for different primary cylinder pressures and PV opening times. This was 

accomplished on the basis of the change in pressure observed by the ionisation gauge 

response. The limitation for this method was the ionization gauge response time and 

efficiency. The calculation is based on ideal gas dynamics. 

We know, p = n k T 

Hence,      n = p/ kT  

Where, n= Number of particles, m
-3

 

             k= Boltzman`s constant (1.38 x 10
-23

m
2
kgs

-2
K

-1
) and  

             T= Temp (295K) 

             p= Chamber pressure, Pa 

Hence,   n= p/ 1.38 x 10
-23 

x 295 = (p / 407.1) x 10
-23

 m
-3

 

Based on this method, the number of particles entering in the chamber for each PV 

opening time was calculated by multiplying “n” with the volume of the chamber 0.1m
-3

. 

Figures 2.20 and 2.21 show the number of particle entering for different primary cylinder 

pressure and PV opening time for 1 Hz operation of PV, respectively. Figures 2.20 and 2.21 

show the number of particle entering for different primary cylinder pressure and PV opening 

time for 10Hz operation of PV respectively. 
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Figure 2.20: Number of particles entering the chamber for one Hz operation of pulse valve 

for different pulse valve opening time when the primary pressure of O2 is 0.3MPa. 

 

Figure 2.21: Number of particles entering the chamber for one Hz operation of pulse valve 

for different pulse valve opening time when the primary pressure of O2 is 0.5MPa. 
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Figure 2.22: Number of particles entering the chamber for ten Hz operation of pulse valve for 

different pulse valve opening time when the primary pressure of O2 is 0.6MPa. 

 

Figure 2.23: Number of particles entering the chamber for ten Hz operation of pulse valve for 

different pulse valve opening time when the primary pressure of O2 is 0.7MPa. 

Figure 2.20 and 2.21, we observe that the increase in pulse valve opening time increase the 

amount of O2 gas entering into the chamber per pulse. We also notice that for the same PV 
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opening time, the increase in the primary pressure of the O2 cylinder increases the amount of 

gas injected into the chamber. Experiments are also carried out for the 10Hz frequency 

operation of the PV. In this case, the chamber pressure gets stabilized to a constant value for 

higher frequency operation and that constant value was used for the calculation of number of 

particles. Figure 2.22 and 2.23 show that the number of particles entering into the chamber 

increases with the increase in pressure of primary cylinder. The number of entering particles 

also increases with the increase in the PV opening time. So PV opening time and primary 

cylinder pressure are controlling the number of particles entering into the chamber. 

 

2.4 Atomic Oxygen Diagnosis 

2.4.1 Detection of atomic oxygen generation  

  Ultra-high purity molecular oxygen (99.9999%) is the feed gas for the AO beam. No 

carrier gas is required to generate the atomic oxygen beam. The primary species in the beam 

is atomic oxygen. AO beam diagnosis is done by using a quadrupole mass analysis system 

(QMAS) in single mass mode and spectroscopic analysis of AO generation beam. 

 The fast oxygen atom pulse exhibits some fluorescence, dominantly from the 777.6nm 

O(P)  O(S) transition. This excited state is produced by electron ion recombination of 

residual O
+
 in the beam, i.e., 

                                                      O
+ 

 + e + e   O + e 

The AO generation is confirmed through the use of spectrometer monitoring the 777.6nm 

neutral oxygen atom transition produced through de-excitation. Figure 2.24 shows the 

principle of detection of AO using spectrometer. Figure 2.25 shows the spectrometer output.  
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Figure 2.24: Principle of detection of AO beam using spectrometer. 

 

Figure 2.25: Emission spectrum of atomic oxygen. 

The shift in the wavelength is analysed and it is found that this shift is due to non-

standardizing of the spectrometer. The spectrometer needs to be calibrated by using some 

calibration source; e.g., it can be He-lamp or could be some laser system, which produce a 

known calibration wavelength.  
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The Figure 2.26 shows the spectrometer spectrum for different PV opening time, after the 

mandatory standardization of the spectrometer. It shows that the emission intensity increases 

with increase in Pulse Valve (PV) opening time initially and then again decreases. This gives 

us an idea about the PV opening time for which system gives higher percentage of AO. It also 

gives idea about the ionization of the oxygen. 

 

Figure 2.26: Emission spectrum of oxygen plasma for four different Pulse Valve (PV) 

opening times. 

The second confirmation of the AO-formation is done by using the QMAS in single mass 

mode. The QMAS is a mass analyzer used in mass spectrometry, consisting of 4 circular rods 

which are set parallel to each other, for filtering sample ions, based on their mass-to-charge 

ratio (m/q). QMAS can be fixed for the desired value of q/m. This value for the atomic 

oxygen is 16. So, if some signal on QMAS output, with q/m= 16, is detected, it confirms the 

production of the AO by LSD of molecular oxygen. Figure 2.27 shows the principle of 

detection of atomic oxygen signal by QMAS, whose output is shown on the oscilloscope. 
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Figure 2.28 shows the output of the QMAS; it also shows the detection of optical light beam 

detected by photodiode, produced due to LSD and O(P)  O(S) transition, as discussed 

before. The Figure 2.28 implies that after the LSD, the atomic oxygen moves toward that 

QMAS and is detected after certain time. 

 

Figure 2.27: Principle of detection of AO beam using QMAS system in single mass mode for 

q/m=16. 

 

Figure 2.28: Detection of AO in single mass mode along with the photodiode signal.   
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2.4.2 Measurement of energy of atomic oxygen 

 Translational energy and hence velocity of AO species in the beam are calculated using 

TOF distribution. The QMAS is a mass spectrometer of small physical dimension which is 

enclosed in a separate chamber, pumped separately using a TMP of 150l/sec in conjunction 

with a rotary pump connected with the main chamber with a baffle using gate valve and 

orifices. The energy of AO beam is measured by calculating the time taken by AO to reach 

the quadrupole head from the nozzle which is about 1.9 meters. Figure 2.29 shows the QMAS 

system and Figure 2.30 shows the principle of measuring velocity and distribution. Figure 

2.31 shows the Time of flight (TOF). The time zero is defined as the time when the LSD 

happens on the Nozzle-Pulse valve conjunction. Usually, it is observed that there is a time 

delay of 40μs between the laser shooting and the LSD observed using the photodiode or 

spectrometer looking for 777.6nm, as shown in figure 2.31. Figure 2.33 shows velocity 

distribution profile of atomic oxygen at the QMAS head. The generated atomic oxygen 

moves at the peak velocity of about 10-12km/sec. Later improvement in velocity 

measurement technique showed that the velocity measurement was affected by QMAS 

setting, it was found that the actual AO velocity was lower than 10-12km/sec and was indeed 

in the range of 8-9km/sec.  

 

Figure 2.29:  Quadrupole mass analysis system used for measuring the TOF of AO. 
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Figure 2.30: QMAS system for detection of atomic oxygen and its velocity measurement. 

 

Figure 2.31: Different signal used for the velocity measurement of generated AO. 
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Figure 2.32: TOF distribution of AO at quadrupole mass analysis head. 

 

Figure 2.33: Velocity distribution of AO at quadrupole mass analysis system head. 

 

2.4.3 Measurement of the flux and fluence of AO beam 

The fluence of AO-generated inside the chamber can be measured using two techniques, 

namely, silver-coated Quartz Crystal Microbalance (QCM) and polyimide-coated QCM. Both 
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methods get application in space systems across the world. Both of them have their 

advantages and some disadvantages depending on the reaction mechanism and application 

limitation. We have used both of the methods for the measurement of the fluence and our 

results give same value of fluence.  

2.4.3.1 Mass response of the silver coated QCM crystal 

Silver mass change is one of the methods to calculate the fluence of atomic oxygen in AO 

chamber. Since silver reacts with atomic oxygen to form silver oxide, the mass of the silver 

coated QCM changes with the fluence of AO. Thus silver-coated QCM provides good means 

to measure the fluence of atomic oxygen in a newly-built facility. Silver reaction with oxygen 

is an ionic reaction, where the silver gives electrons to oxygen, and as a result, being silver 

oxide (Ag2O). In the temperature range of 273K to 358K interaction of silver surface with 

hyperthermal atomic oxygen results in the formation of silver peroxide AgO. Liner oxidation 

was observed initially which changes to parabolic rate law as thickness of oxide film exceeds 

certain value.  Possible oxidation reaction between silver and oxygen is 

                               2 Ag + O2  Ag2 O2 (= 2 AgO)  

  Calculating the thermo-dynamical equilibrium at standard temperature pressure (STP), 

one finds that reaction cannot proceed to the right-hand side, which means that under the 

given conditions, AgO is not a stable oxide. The calculated free enthalpy change of reaction 

at a partial oxygen pressure of 0.2atm. is +7473cal/mol
(8)

. 

   The situation drastically changes when O-atoms instead of O2 molecules are involved in 

the oxidation reaction with silver. Both oxide types are now stable even at very low pressures 

and also AgO is more stable than Ag2O. It is then thermodynamically possible to oxidise 

Ag2O to AgO, which is impossible with O2 molecules. This is the case with our facility where 

the reaction takes place at room temperature but at 10
-5

Pa. 
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  The reaction rate curve for the oxidation of silver-coated QCM is shown in Figure 2.34. 

Here the x- axis corresponds to the number of shot and the y- axis is the change of mass. 

Silver crystal shows initial mass loss due to removal of vapour and dust particle from the 

suface; then it shows mass gain due to formation of silver oxide on the surface.  

With this graph, we calculated the flux of AO using the linear region of data. Since mass 

response of silver is linear for long range, it is easy to calculate fluence value from the silver 

data. The flux calculated using silver QCM is 4.5x 10
13

atoms/shot (Appendix 2). 

 

Figure 2.34: Response of silver coated QCM crystal against the atomic oxygen shot. 

2.4.3.2 Mass response of the polyimide-coated QCM crystal 

In-orbit exposure tests have been carried out regarding atomic oxygen effect on materials, 

and polyimide has been used for measuring the atomic oxygen fluence in such in-orbit tests.
 

The fluence of atomic oxygen in LEO has been calculated from the polyimide erosion with 
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the established reaction efficiency of 3.0x 10
24

cm
3
/atom (Kapton® equivalent fluence)

(9)
. As 

for the reference material to measure atomic oxygen fluence, the erosion yield of polyimide 

has to be stable against the other environmental factors such as temperature, ultraviolet, 

electron, ions, radiation, and so on. Erosion yield of polyimide in the temperature range 

between -30 to 100
o
C is constant and the activation energy is as low as 10

-3
eV

(9,10)
. However, 

increase in the erosion yield of polyimide at the temperature above 120
o
C is reported. It is, 

therefore, important to maintain the temperature below 100
o
C when measuring atomic 

oxygen fluence with polyimide. On the other hand, the exposure condition to avoid 

synergistic effect with ultraviolet has not been established. In LEO, no synergistic effect was 

reported. 

   In this thesis, the flux and hence the fluence of the generated AO is measured using the 

polyimide mass loss. The quartz crystal having polyimide coating is used for AO flux 

measurement. The behaviour of the polyimide-coated QCM crystal against the atomic oxygen 

fluence is shown in Figure 2.35. The x-axis shows the number of laser shot. The y-axis shows 

the mass change of the crystal. After making the necessary calculation, the flux per shot 

comes about 4.2x 10
13

atomscm
-2

. AO-exposure facility is used at 2Hz for 132000 shots, for 

the current test sample; hence the total fluence was 5.4x 10
18

 atomscm
-2

 (Appendix 3). This 

fluence value is of about 10 years of AO exposure at 800km altitude of LEO, it is the region 

of 600-800km, where most of The Japanese satellites are placed and shows strong effect of 

discharge. Figure 2.36 shows the fluence of AO per year for different altitude of LEO.  

 Figure 2.37 shows the acceleration factor for the different altitude heights of LEO.  This 

acceleration factor is shown for the case of AO generating flux of 10
14

atoms/shot for 1Hz 

operation. For KIT AO-exposure facility, AO fluence is in the range of 3x 10
13

 to 1x 10
14
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atoms/shot, observed depending on the case of PV, LD, laser beam energy and the range of 

velocity chosen for exposure.  

 

Figure 2.35: Response of the polyimide-coated QCM crystal against the atomic oxygen shot. 

 

Figure 2.36:  AO fluence of kitakyushu for one year at different altitude height. 
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Figure 3.37: Acceleration factor calculated using 10
14

 atoms/shot at 1Hz. 

 

2.5 Conclusion 

 AO-exposure facility is built and the characterization of its velocity and energy is 

done. 

 For measuring fluence, a spin coating facility is built for coating polyimide on QCM 

crystal. 

 AO flux and fluence is measured using silver-coated QCM crystal and polyimide-

coated QCM crystal. 
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Chapter 3: Resistivity measurement facility for insulator and 

mathematical formulation 

  The central theme of spacecraft charging is how spacecraft interacts with the plasma 

environment to cause charging. Spacecraft accumulates charge and adopts potential in 

response to interaction with the plasma environment. The key parameters in modelling 

spacecraft charging are the electron emission properties of insulating materials, such as 

Secondary Electron Emission (SEE) coefficient, Photo Emission (PE), and surface and bulk 

conductivity of metal and insulating materials. These parameters determine how much charge 

will accumulate on the key spacecraft components in response to the incident electron, ion, 

and photon fluxes.  It has been recognized that atomic oxygen present in LEO is one of the 

most important hazards to the spacecraft polymeric material resulting in modifying the 

surface properties of the materials. Thus the interaction of the LEO’s atomic oxygen with the 

outer surfaces of a satellite may result in material’s degradation, modifying their chemical, 

electrical, thermal, optical and/or mechanical properties. This influences how charge will 

accumulate and redistribute across the spacecraft atomic oxygen modified surface as well as 

the time-scale for charge transport and dissipation.  

  To measure the resistivity of a spacecraft insulator, the charge storage method, developed 

by Frederickson et al.(1,2) and others(3), is the most suitable configuration for space-type 

environment. In this method, charge is deposited on the surface of an insulator and is allowed 

to migrate through the dielectric. With this configuration, one can measure volume resistivity. 

We introduce further modification to measure the surface and volume resistivity together by 

allowing the diffusion of charge on dielectric surface as well as its migration through the 

materials. After the degradation of spacecraft surface materials due to atomic oxygen 

exposure, surface properties, like bulk and surface resistivity are measured. A comparative 

study between the exposed and virgin materials will give more accurate prediction of 



  Resistivity measurement facility for insulator and mathematical formulation  69 

 

 

Electrical Engineering                                                          Kyushu Institute of Technology 

charging and arcing process on spacecraft. We shall use these data for the spacecraft charging 

and arcing simulation tool MUSCAT, developed in our laboratory. This will enable more 

accurate and precise prediction of charging and arcing condition for spacecraft through its 

lifetime. 

  In this dissertation, we present the technique for measuring the surface and bulk 

resistivity of AO-exposed sample, along with the necessary mathematical formulation used 

for calculating resistivity.  

3.1  Reisitivity measurment system 

   The resistivity of the sample is measured using the charge storage decay method. This  

method exposes one side of the insulator in vacuum to a charge source, with a metal electrode 

attached to both back and front side of the insulator for measuring surface and volume 

resistivity, respectively. The charges, deposited on the surface of the insulator, diffuse on the 

surface and migrate downward. Data are obtained by capacitive coupling to measure the 

resulting voltage (or, more correctly, the electric field) due to charge on the open surface. 

Measurements to determine resistance with this method requires the use of an external charge 

deposition source and a very good electrostatic field probe.  

Figure 3.1 shows the experimental setup and circuitry of the system. This chamber is also 

equipped with an electron gun (OME-0050LL) that ensured electron shower with a maximum 

energy of 10KeV (Electron beam energy used in this dissertation is 2-3KeV), is showing a 

maximum current density of not more than 100mAm-2. The chamber is equipped with a non-

contacting surface potential meter (Trek model 341B) which is used to monitor the surface 

charge distribution of sample with the help of stage motor and movers. These allow the scan 

of insulator surface along a serpentine-like course within an area of 50mm x 50mm (step size 

1mm).  A motor-driven shutter is located below the beam gun to expose the sample for a 

required time. All these experiment were performed in a vacuum chamber of a cylindrical 
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shape of 0.6m diameter and 0.9m length. This chamber is evacuated by a turbo-molecular 

pump (500l/s), which is backed by a rotary pump to achieve a pressure in the range of 5.0x 

10-4Pa. 

 

Figure 3.1:  Schematic view of resistivity measurement facility. 

3.2 Mathematics of surface charge decay for resistivity measurement 

In order to measure resistivity by surface charge decay method, an insulator is assumed to 

be instantaneously charged at t = 0  by an electron beam, which produces certain surface 

potential and this surface potential is monitored afterward by the surface potential meter. The 

insulator of the thickness τ is attached with electrode in such a way that it allows charge 

diffusion on the surface and through material volume. The rate of change of the surface 

charge density when irradiated by an electron beam of current density j is given by the 

following expression, 

∂σ
∂t

= − j(1− δ ) +
1
Rs

∇2φ −
1
ρτ

φ  (1) 

Here, δ is the secondary electron coefficient, Rs is surface resistance (Ω/□“sq”), ρ is a 

volume resistivity (Ωm). If σ is electric charge density (Coulomb.meter-2), ε is permittivity 
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(Coulomb.volt-1.meter-1),  φ is surface potential and τ is thickness, then the relation between 

them is as follows: 

 

Figure 3.2:   Sketch showing method of resistivity calculation. 

σ =
εφ
τ

    (2) 

Therefore, it becomes a partial differential equation concerning the electrical potential 

distributionφ . 

∂φ
∂t

= −
jτ
ε

(1− δ ) +
τ
εRs

∇2φ −
1
ρε

φ    (3) 

This equation is solved by using the cylindrical coordinates system. Thus,     

                                              ∇2φ =
1
r
∂
∂r

r
∂φ
∂r

⎛
⎝⎜

⎞
⎠⎟    (4) 

Hence,   

∂φ
∂t

= −
jτ
ε

(1− δ ) +
τ
εRs

1
r
∂
∂r

r
∂φ
∂r

⎛
⎝⎜

⎞
⎠⎟
−

1
ρε

φ   (5) 

 This equation is used for the fitting of potential decay curve to find the resistivity values. 

In Eq. [5], the radius ro does not appear explicitly and the outer radius of R appears as the 

boundary condition. Therefore, the beam radius ro, although defined in Figure 3.2 has little 

meaning in the following analysis. 
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3.3  Resistivity measurement sample layout and mesaurement methodology 

Resistivity measurement is done with electrode configuration as shown in Figure 3.3. The 

top-view of the electrode configuration is shown in Figure 3.4. The electrode is made of 

copper tape having conductive adhesive. Adhesive provides very good electrical contact 

between polyimide and electrode. Test sample size was of 60x 60mm having thickness of 

25µm was used. After irradiating electron beam on an area of r0 = 5mm or r0 = 2.5mm  at the 

centre of test sample as shown in Figure 3.5, the charges are allowed to dissipate in Ф = 

50mm, potential drop on the sample surface is scanned using surface potential meter. Surface 

potential meter scans the surface along a serpentine-like course with a distance resolution of 

1mm. Surface potential meter to sample distance was about 2mm.  

Figure 3.5 shows the experimental setup of the sample inside the chamber for resistivity 

measure. The electron beam enters vertically downward which was allowed to fall on the 

sample centre using two beam modifier plates. The hole size of 5mm and 10mm diameter in 

beam modifier plates are used to expose respective area of 5mm and 10mm diameter at the 

centre of test sample to electron beam directly.   

 

Figure 3.3: Electrode configuration for measuring surface and volume resistivity. 
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Figure 3.4: Top-view of the sample electrode arrangement used for resistivity measurement. 

 

 

Figure 3.5: Inside chamber view of the setup for resistivity measurement. 

Once the electron beam irradiates the sample centre of test sample for one minute, the 

electron beam exposure is stopped. Afterward, the surface potential meter scans the test 

sample surface at a regular interval using the moveable stage as shown in Figure 3.6 and the 

results look like as shown in Figure 3.7. 
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Figure 3.6: Surface potentiometer scans the surface in serpentine line fashion. 

 

Figure 3.7: Recording of surface potential by potentiometer and display on PC screen. 
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3.4 Conclusion 

• Experimental facility for measuring surface and bulk resistivity is realised. 

• Mathematical formulation for the measurement of resistivity is done. 

• Electrode configuration for the simultaneous measurement of surface and volume 

resistivity is done.  
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Chapter 4: Results and Discussion 

In this chapter, the first section is about the study of AO-exposure on material’s surface. 

The second section is about the effect of atomic oxygen exposure on resistivity characteristics 

of polyimide. 

4.1 Effect of AO exposure on materials 

AO-exposure changes the surface structure of materials. It influences surface properties 

very strongly.  It may influence surface properties which might play an important role in 

spacecraft charging. Here we will study the change in surface properties of two materials 

namely silver and polyimide. Both of these materials were also used to measure the fluence 

of atomic oxygen in chamber. 

4.1.1 Effect on silver 

Scanning Electron Microscopic (SEM) analysis: SEM images of the non-exposed and 

AO-exposed silver are shown below in Figure 4.1 for two different magnifications.  The AO-

exposed surface shows clear difference from the virgin surface due to the formation of silver 

oxide formation on the surface. This phenomenon is called oxide growth, is also observed on 

silver in space experiment
(1,2)

. The silver oxide is formed after chemical reaction of AO with  

silver in high vacuum condition. The oxidation of silver in AO is essentially linear-parabolic 

as postulated by De Rooij
(1)

 and experimentally confirmed by Chambers et al
(3)

.
 
In present 

research, as the silver was exposed to fluence (4.24x 10
16

atoms/cm
2
), growth in the boundary 

was observed. This is understandable by analysing the change in mass of the silver coated 

QCM crystal, as shown in Figure 2.34 (Chapter 2), which shows linear increase in mass due 

to oxidation process.  
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           a. Virgin Silver                                 b. AO-exposed silver 

c. Virgin silver                                d. AOexposed silver 

Figure 4.1: Scanning Electron Microscopy images of the virgin and AO-exposed silver with 

two different magnification. 

EDS analysis of silver coated QCM: EDS analysis of the AO-exposed, having fluence 

4.24x 10
16

atoms/cm
2
, and virgin silver-coated QCM crystal was done. The results are shown 

in Table 4.1. The EDS result shows that the atomic percentage (%) of oxygen increases with 

the AO-exposure. This is due to the formation of silver oxide on the surface.  
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Table 4.1: EDS analysis of AO-exposed and Virgin silver-coated QCM. 

Elements  

condition 

Virgin 

(Atomic %) 

AO exposed 

(Atomic %) 

O (K) 6.79 8.68  

Si (K) 21.51 15.44  

Ag (K) 71.70 75.88  

4.1.2 Effect on Polyimide 

Polyimide is the most widely used dielectric materials on the surface of spacecraft. It finds 

it application as thermal control for spacecraft. However, this material is highly vulnerable to 

the atomic oxygen of LEO as observed in space flight experiment. Because of its extensive 

application and vulnerability, polyimide was chosen for the analysis of AO-exposure on its 

electrical properties. 

SEM analysis:  Change in surface morphology of polyimide using  SEM was also studied. 

The SEM images prior to AO-exposure and after exposure are shown in Figure 4.2. The 

sample surface was smooth prior to the AO-exposure. However, surface morphology changed 

after the 5.4x 10
18

atomscm
-2  

AO-exposure, which was equivalent to 10years at 800km AO-

exposure having 10-12km/s velocity. This fluence values can be normalized for 8km/s 

condition in accordance with M. Tagawa et al
(4)

. It is obvious that, the surface morphology of 

polyimide sample became much rougher and significantly modified. This shows that AO 

surface erosion is much significant for the given AO fluence.  
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Virgin sample 

 

AO-exposed sample 

Figure 4.2: Scanning Electron Microscopy of virgin and AO-exposed polyimide. 

Laser beam imaging: The difference between the AO-exposed and virgin polyimide can be 

further understood by analysing the laser imaging of the surface. This is very easy to 

understand, if the visual images of the AO-exposed polyimide and virgin polyimide are 

studied, as shown in Figure 4.3. The first image is analysed using normal camera. It is 

observed that even with the camera, difference in reflectance of the AO-exposed and virgin 

polyimide coated on QCM crystal can be observed, the AO-exposed surface is encircled with 

blue which shows higher light reflectance. Then, this QCM surface is imaged using the laser 

scanning instrument. It is again observed that the AO-exposed and virgin sample show 

different reflectance.  
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a. Camera-view showing the difference between AO-exposed and virgin area on QCM. 

 

b. Laser imaging-view of QCM crystal having AO-exposure and virgin. 

Figure 4.3: Difference in the two regions of the AO-exposed and virgin polyimide sample as 

observed by camera (a); and laser imaging (b). 

Change in thickness of polyimide coated on QCM after AO-exposure:  The change in the 

thickness of the polyimide coating on QCM due the AO-exposure was also studied. The 

results are shown in the Figure 4.4. The left side Figure 4.4 shows the AO-exposed and virgin 

parts separated by black line dividing two parts, the red line show the line of the scanning. 

The right side of the figure shows the scanner movement in magnified way to observe the 

change in thickness. It was observed that the exposure of AO reduced the thickness of the 

QCM crystal by 5.64μm for 5.4x 10
18

atomscm
-2 

AO-exposure.  For LDEF, the loss of 



  Results and Discussion      81 

 

 

Electrical Engineering                                                          Kyushu Institute of Technology 

thickness was more than 127μm for the total AO exposure of 9x 10
21

atoms/cm
2 (5,6)

.  This loss 

of thickness of 5.6μm, much higher than the case of LDEF for the given fluence, is explained 

on the basis of non linear mass loss response of the polyimide, as noted in the fluence 

measurement, as shown in figure 2.35. 

 

Figure 4.4: Measuring change in thickness of the polyimide coated QCM crystal using Laser 

spectroscopy.  

EDS analysis: 

EDS Analysis was done for the AO-exposed polyimide and virgin polyimide coated on the 

gold coated QCM. The gold coated QCM is used as base crystal for polyimide coating as AO 

do not react chemically with gold even if the AO erosion removes the polyimide layer. The 

EDS analysis was done on the location exposed to AO and on the location non-exposed on 

same crystal. Figure 4.5 shows the location where the EDS analysis was done on QCM 

crystal.  The analysis result is shown in Table 4.2.  

 

Figure 4.5:  EDS of the AO-exposed polyimide on the gold-coated QCM 
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Table 4.2: EDS analysis of Polyimide coated gold QCM crystal. 

 

This table shows that the total concentration of C+N+O decreases on the surface and that of 

Au is increasing. This happens due to the removal of polyimide coating from the QCM 

surface, as it was shown that AO removed about 5.64m thickness for  5.4x 10
18

atoms cm
-2 

AO-exposure. 

XPS Analysis: The difference between AO-exposed and virgin polyimide was studied using 

the XPS
(7,8)

. The detailed XPS analysis showed the increase in the presence of oxygen on the 

surface. Figure 4.6 and 4.7 shows the XPS spectrum of the virgin and AO-polyimide. A shift 

of -3.5eV for all the peaks was observed, it happened due to the surface charging of the 

materials during the analysis, a well known phenomenon for the insulator surface. The 

analysis of the carbon peak 4.8 and 4.9 shows that the intensity of the carbon peak decreased 

after the AO-exposure indicating a decrease in carbon concentration. On analysing oxygen 

peaks of the virgin and AO-exposed polyimide, as shown in Figure 4.10 and 4.11, it was 

observed that the oxygen peak intensity increased indicating an increase of oxygen 

concentration on surface. The analysis of nitrogen peak, as shown in Figure 4.12 and 4.13, 

there is no change in the peak height due to AO-exposure. Thus from XPS analysis, it is 

concluded that the concentration of oxygen is increasing and that of carbon is decreasing due 

to AO-exposure, which is expected result. A peak of silicon was also observed; it indicates 

Sample condition 

Composition 

Virgin  

(Atomic %) 

AO-exposed 

(Atomic %) 

C+N+O 97.16 95.67 

Si (K) (QCM has Si) 0.39 0.50 

Au (M) (QCM coated with Au) 2.465 3.84 
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that the given polyimide has silicon. The investigation of the peak height for C, O, N and Si 

is shown in Table 4.3. The investigation of C/O and C/N ration is shown in Table 4.4 

Table 4.3: XPS analysis of Virgin and AO exposed polyimide 

 

XPS signal 

 

Carbon 

 

Oxygen 1s 

 

Nitrogen 1s 

 

Silicon 2p 

Biding energy 

(+ 3.15eV) 

 

285.1 

 

532.1 

 

400.1 

 

101.1 

Peak Intensity 

(Virgin) 

 

115950 

 

128550 

 

46100 

 

9060 

Peak intensity 

(AO-exposed) 

 

106030 

 

153630 

 

4581 

 

8510 

 

Table 4.4:  Effect of AO exposure expressed in term of C/O and C/N ratio. 

Sample  

Area  

 

Virgin polyimide 

 

AO exposed polyimide 

Area Carbon 1.01 x 10
6 

8.61 x 10
5 

Area  Nitrogen 1.30 x 10
6 

1.27 x 10
6 

Area oxygen 1.77 x 10
6 

2.10 x 10
6
 

C/O 0.56 0.41 

C/N 0.78 0.68 
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Figure 4.6: XPS of Virgin polyimide. 

 

Figure 4.7: XPS of AO-exposed polyimide. 
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Figure 4.8: XPS of carbon for virgin polyimide. 

 

Figure 4.9: XPS of carbon peak for AO-exposed polyimide. 
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Figure 4.10: Oxygen peak of virgin polyimide. 

 

Figure 4.11: Oxygen peak of AO exposed polyimide. 
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Figure 4.12: XPS of nitrogen peak in virgin polyimide. 

 

Figure 4.13: XPS of nitrogen peak in AO-exposed polyimide 
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4.2 Effect of AO exposure on resistivity 

In order to measure the resistivity of sample, we first measured the decay of surface 

potential on the sample. The fall of surface potential gave an inlook into the resistivity values. 

Here, we first analysed the surface potential distribution and then the resistvity calculation 

from the fall of potential. All these resistivity experiments were performed at room 

temperature
(9)

. 

4.2.1 Surface potential distribution 

 Surface potential distribution was measured regularly for 96hours. Change of surface 

potential distribution was monitored and was displayed in a 2D-graph by assuming the 

rotation-symmetric shape. Figures 4.14 and 4.15 show the potential distribution view for 

virgin and AO-exposed sample along X-axis and Y-axis, for measuring surface and volume 

resistivity. They are shown for three times, 0hour (just after electron beam irradiation 

stopped), 24hours and 96hours time delay since the electron beam irradiation stopped. On 

analysing this figure, we observed that the rate of potential drop in two cases was different.  

This change in potential drop is considered to be due to the change in resistivity of sample 

caused by atomic oxygen exposure. The potential pattern was shown in such a way that the 

centre of the sample, where electron beam exposed sample, was chosen as centre of co-

ordinate system and moving outward in two directions as Cartesian co-ordinate positive and 

negative axis. 2-D surface view of the potential drop for virgin and AO-exposed sample is 

shown in Figure 4.16. 

3-D view showing the axis-symmetry nature of surface potential decay profile of the 

virgin and atomic oxygen exposed polyimide is shown in Figures 4.17.  Figure 4.16 and 4.17 

shows that the surface potential decay profile is axis-symmetric in pattern. The potential 

patterns are shown for just after electron beam irradiation, 10hours, 24hours and 96hours 

time delay since the electron beam irradiation stopped. From Figure 4.16 and 4.17, it is 
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observed that the potential shows centro-symmetric distribute along its centre.  The potential 

drop with respect to time also shows symmetry in each case along its centre. The analysis of 

this potential drop gives the idea of resistivity values. 

 

(a)  Surface potential decay of virgin sample along X- axis 

 

(b) Surface potential decay of virgin sample along Y- axis 

Figure 4.14: Surface potential decay of virgin polyimide along the X-axis and Y-axis 

measured using a surface potentiometer.                                            
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(B1)  Surface potential decay of AO-exposed sample along X-axis 

 

(B2) Surface potential decay of AO-exposed sample along Y-axis  

Figure 4.15: Surface potential decay of AO-exposed polyimide along the X-axis and Y-axis 

measured by using a surface potentiometer. 
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a. Virgin polyimide 

 

b. AO-exposed polyimide 

Figure 4.16: Two dimensional surface views of potential drop with time for virgin sample 

and AO-exposed sample, respectively, measured by using a surface potentiometer. 
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a. Virgin polyimide 

           

b. AO-exposed polyimide 

Figure 4.17: Three dimensional view of potential drop with time for (a) virgin polyimide and 

(b) AO exposed polyimide measured by using a surface potentiometer. 



  Results and Discussion      93 

 

 

Electrical Engineering                                                          Kyushu Institute of Technology 

4.2.2 Determination of surface and volume resistivity 

  The resistivity measurement experiments were performed for virgin and AO-exposed 

polyimide samples. Three experiments were performed for the virgin sample with the hole 

size in the beam modifier plate of 5mm, 10mm, and 10mm respectively for exposing the 

corresponding area at the centre of sample to the electron beam directly. One of the 

experiments was performed for the AO-exposed sample with the hole diameter size of 10mm 

in the beam modifier plates.  

 

Figures 4.18: Temporal profile of the potential at the centre of the test samples. 

  The initial surface potential drop is due to polarization-depolarization phenomenon. After 

a certain time, the process of polarization-depolarization ends. After initial polarization-

depolarization phenomenon finishes further drop in surface potential is due to the electron 

propagating outward towards peripheral electrode and through the bulk of materials. After a 
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certain time, the flows of electron from the sample centre to the peripheral electrode and 

trough the bulk materials become steady. We consider beginning of this time as 24hours 

since the electron beam irradiation stopped as shown in Figure 4.18. In this graph x-axis is 

time in hours and y-axis is the potential fall on log scale. This area of conductivity is called 

“dark current conductivity” and is assumed to be constant and independent of time. 

  After 24hours since the electron beam stopped, the potential decay profile was fitted by 

Eq. [5], chapter 2. We used the potential profile, along y axis passing through the centre, at 

24hours as initial condition and solved Eq. [5] numerically until 96hours. The numerical 

profile at 96hours was compared with the experimental data. We varied the surface and 

volume resistivity in Eq. [5] and looked for a combination of the two values to give the best 

fit between the simulation and the experiment. For the purpose of analysis, each potential 

profile, as shown in Figure 4.3, was divided into two sections, one in negative x-axis and 

other positive Y-axis with the peak potential point as the origin of Y-axis.  The numerical 

technique used to solve Eq. [5] was a finite difference method, where the forward difference 

and the central difference were used for the temporal and spatial difference respectively. The 

temporal step was 10seconds and the spatial step was 1mm. 

  In terms of space application, evaluating the resistivity at the later stage of potential 

decay gives the safe margin to the prediction of charging in orbit. Until Frederickson et 

al.
(10,11)

 gave warning that the majority of spacecraft charging analysis had been carried out 

using the resistivity values measured based on conventional methods, such as ASTM D-257 

standard
(12)

, where the resistivity value measured after 1minute of voltage application is used 

as the resistivity. The time of 1minute is still when polarization dominates and the resistivity 

is underestimated. As shown in the experimental result in Figure 4.6, the charge does not 

decay as quickly as the initial decay phase where the polarization dominates.  
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Figure 4.19: Comparison of potential decay between experiment and simulation. 

In spacecraft charging, charging of insulator continues for the time scale of seconds to 

hours. The measurement results shown in the present thesis tell us that the charge can stay for 

even days after the end of charging event. The remaining charge will be added as the initial 

charge in the next charging event. To make conservative prediction of the spacecraft 

charging, it is safer to use the value evaluated in this research. Tables 4.5 and 4.6 list the 

surface and volume resistivity of virgin and AO-polyimide, respectively.                                                              

Table 4.5: Surface resistivity of the virgin and AO-exposed samples. 

 

Sample  

condition 

 

Exp. No. 

 

Surface resistivity 

10
17 

Ω/□ 

 

Avg. 

10
17

Ω/□ 

 

Sd. Deviation 

10
17

Ω/□ 

 

 

Virgin 

1 2.8
 

 

 

 

2.3 

 

 

 

0.92 

3.6 

2 2.8 

1.8 

3 1.3 

1.4 

AO-

exposed 

4 4.5  

5.8 

 

1.8 7.1 
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Table 4.6: List the volume resistivity of the virgin and AO-exposed samples. 

Sample 

 condition 

Exp. No. Volume Resistivity 

10
16 

Ωm 

Avg. 

10
16

Ωm 

Sd. Deviation 

10
16

Ωm 

 

 

Virgin 

1 1.0 
 

 

 

 

2.2 

 

 

 

1.1 

0.89 

2  2.2 

2.2 

        3 3.1 

3.5 

AO-

exposed 

      4 1.8  

1.7 

 

0.14 1.6 

The analysis result for the simulation of equating Eq. [5] and experimental results of 

potential decay for AO-exposed sample is shown in Figure 4.19.  This shows that the 

theoretical plot and experimental plot match each other, verifying the Eq. [5].  

The value of surface resistivity was found in the order of 10
17

Ω/□, whereas the value of 

bulk resistivity was found in the order of 10
16

Ωm. The value of surface resistivity was found 

to increase by a factor of more than 2, whereas the volume resistivity was found to decrease 

slightly for AO-exposed sample. It shows that AO-exposure affects the value of surface 

resistivity by a factor of two; this can be attributed to the change in surface morphology. The 

AO induced change on surface morphology makes the flow of electron difficult. Small 

decrease in volume resistivity was reasonable considering that the AO-exposure cause the 

loss of certain amount of thickness of the sample. The increase in the surface resistivity 

perhaps causes the increase in the depth of the surface potential well, which makes the flow 

of electron difficult further difficult in insulator. This aspect need to be investigated for 

further understanding. The small decrease in volume resistivity of AO exposed polyimide is 

due to the change in thickness of the polyimide due to AO erosion, however, as the thickness 
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of 25μm was taken for the simulation purpose for both virgin and AO-exposed sample. 

Thickness change should not affect the volume resistivity in theory. 

The higher value of surface and bulk resistivity means that the material can be considered 

as insulator for the spacecraft simulation. This change in resistivity will not affect the 

spacecraft charging to a significant limit as the value of resistivity is too high for the electron 

propagation on the surface. 

 

4.3 Conclusion 

 It found that the AO-exposure changes the surface morphology of silver and 

polyimide. 

 It found that the AO-exposure caused loss certain amount of thickness. 

 It was found that AO-exposure increases the presence of oxygen and decreases the 

presence of carbon. 

 We found that the surface resistivity of AO-exposed polyimide is more than two times 

that of virgin polyimide. 

 We found that the volume resistivity of polyimide decreases slightly due to AO 

exposure of 10years equivalent at 800km in altitude due to the change in the thickness 

of sample. 
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Chapter 5: Summary 

5.1 Conclusion of this study 

Our designed facility generates atomic oxygen environment of Lower Earth Orbit having 

velocity 8-12 km/sec and comparatively higher flux for the quick degradation of surface 

materials. AO generation was confirmed using emission spectroscopy. AO velocity and 

hence energy was measured by using TOF technique. AO flux and fluence were measured 

using silver-coated QCM and polyimide-coated QCM. The local fluence per pulse was of the 

order of 2x10
19

atoms/m
2
 at a distance of 0.4m from the nozzle. These oxygen atoms interact 

with the surface materials and cause the change in surface morphology and hence surface 

properties. The material degradation experiments were carried out and the change in surface 

morphologies and properties of materials was studied. It was found using SEM images that 

the surfaces of silver and polyimide were affected due to interaction with atomic oxygen. The 

SEM image’s change in case of silver is due to the formation of silver oxide on surface 

because of the reaction with atomic oxygen. The change in surface morphology of polyimide 

is due to removal of materials from the surface. 

  The investigations of surface charge decay on polyimide using the discussed electrode 

configuration has been found suitable for surface and volume resistivity measurement. The 

mathematical formulation discussed earlier also shows good agreement with experimental 

data. It has been observed that the AO-exposure causes the increase in surface resistivity by a 

factor of more than two and does causes a decrease in volume resistivity by smaller factor for 

the given AO fluence. Since the surface resistivity is dependent on surface structure, its 

values have been affected by AO exposure. The change in the value of volume resistivity is 

attributed to the loss in thickness of the materials due to AO-exposure. Spacecraft charging 

simulation tools, like MUSCAT should use the same value of volume resistivity and change 
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value of surface resistivity for simulating charging environment at the end of satellite life as it 

is used in the beginning of life simulation. 

5.2 Future Works 

There are some issues that should be investigated in future regarding the improvement of 

this study, which can be summarized as follows: 

In order to simulate the atomic oxygen environment more similar like LEO, the energy 

distribution of generated AO inside chamber will be controlled. 

  In resistivity measurements, we should increase the number of samples by changing the 

AO exposure fluence to quantify the change of surface resistivity. Other spacecraft insulator 

materials shall also be tested to see the differences among the materials.  

  The detailed analysis of the surface to investigate the mechanism of resistivity change 

will also be necessary. 
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Appendix 

1. Introduction to MSIS-E-90 

NASA website provides the service for the calculation of different gases species 

concentration. One can download data from this website for the atomic oxygen density with 

respect to altitude and solar condition. The link for website is  

http://omniweb.gsfc.nasa.gov/vitmo/msis_vitmo.html

 

 From this source we get the density profile for the different orbits of LEO. We convert 

this density profile in flux of atomic oxygen after multiplying with the orbital velocity of 

satellite. This gives the flux for the given orbit in LEO. 

 

 

 

 

http://omniweb.gsfc.nasa.gov/vitmo/msis_vitmo.html
http://omniweb.gsfc.nasa.gov/vitmo/msis_vitmo.html
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2. Calculation of Flux/Fluence using Kapton 

The AO fluence was calculated using the following formula: 

F = M / AEy 

Where, 

 F = AO fluence (atoms/cm
2
s),  

M = Mass loss of the Kapton sample (g),  

 = The density of Kapton (g/cm
3
), 

 A = Sample surface area (cm
2
) and  

Ey = The erosion yield of Kapton (Ey = 3.0 x 10
24

 cm
3
/atom). 

 

3. Calculation of Flux/ Fluence using silver 

• Effective mass gain  for X pulse = Y 
 
g/cm

2 
  

• Mass gain for one pulse = Y/X 
 
g/cm

2
  

                                                = X/Y 
 
g/cm

2
 

• Mole gain = (X/Y)
 
g/cm

2 
/
 
16 grammole

-1
  

                 = (X/ 16Y)
 
molecm-

2
  

• Molecular gain = (X/16Y) mole x 6.023 x 10
23 

atoms/mole 

                                = (6.023 x 10
23  

x X/ 16 Y)  atoms cm
-2 

Flux =  (6.023 x 10
23  

x X/ 16 Y)  atomscm 
-2 

 per shot 

Fluence = Flux x No. of pulse shot used 
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