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Narrative 

 
The primary objective of the proposed work is to test the temperature dependence of 

electrostatic field strength for spacecraft materials by applying an increasing electrostatic field 

until electrostatic breakdown occurs. The goal will be to better simulate real world charging 

situations at varying temperatures and to test the temperature dependence predicted by our dual-

defect breakdown model.  

Enhanced understanding of prolonged exposure to high static electric fields (DC aging) of 

insulating materials based on expanded experimental studies is of critical importance to understand 

the physics of highly disordered insulating materials (HDIM). It also has direct applications in 

spacecraft charging [2-3], high voltage DC power transmission cables and switching [3], thin film 

dielectrics, and semiconductor devices and sensors. Electrostatic discharge (ESD) is a permanent, 

catastrophic failure of a dielectric material. ESD and the associated material breakdown is the 

primary cause for spacecraft damage due to space environmental interactions [1]. This 

phenomenon occurs when the space plasma fluxes charge a craft to high voltages where insulating 

materials then break down [2]. This breakdown allows current to flow freely through the material, 

which can damage or destroy on board electrical components and other vital systems [3]. Recent 

literature on DC power cable aging calls for better models and more data on the details of electrical 

ageing in HDIM under DC high electric fields, especially with regards to finding a DC equivalent 

for AC partial discharge diagnostic tests [5-8]. 

 

Theoretical Models 

Building on single process ESD models develped elsewhere [5], models developed at USU 

consider two breakdown processes [12]. The first process is a lower energy reversible process with 

a significant rate of defect repair and a low enough activation energy, ∆𝐺𝑑𝑒𝑓
  , that the defects can 

be spontaneously repaired due to thermal activation. The second process is a higher energy, largely 

irreversible process with a negligible defect repair rate. This is due to direct stress on molecular 

segments which causes unrepairable damage such as creation of broken bonds with unpaired sites 

which can act as electron traps [12]. Equation (1) is the mathematical description of this model. In 

it, high and low energy defects are treated as terms in the sum A and B respectively. It should be 

noted that temperature, T, appears in each term in the equation. Importantly, on the right hand side 

of the Equation (1), the exponential term involves the ratio of the defect energy, ∆𝐺𝑑𝑒𝑓
 , to the 

thermal energy, where 𝑘𝐵, is Boltzmann’s constant. The hyperbolic sine function involves the ratio 

of the energy gained in the electric field, 𝐹, from charge moving from one defect to the next defect 

(of density, 𝑁𝑑𝑒𝑓
 ,) to the thermal energy. Also important to define is Planck’s constant, ℎ, the 

tunneling frequency, 𝜈𝐴,𝐵, and the vacuum and relative permittivity, 𝜀0 and  𝜀𝑟 [9]. One possible 

effect that temperature could have on this model is that higher temperatures could cause low energy 

defects to be annealed more rapidly, which would decrease the overall breakdown field strength. 

However, temperature is complex and can be significantly different for different materials, 

depending on the material parameters ∆𝐺𝑑𝑒𝑓
 , 𝑁𝑑𝑒𝑓

 , and  𝜀𝑟. 

𝑃𝑑𝑒𝑓
𝑇𝑜𝑡(𝐹, 𝑇) = ∑ 𝑃𝑑𝑒𝑓

𝑖 = ∑ (
2𝑘𝐵𝑇

ℎ𝜈𝐴,𝐵
) exp [

−∆𝐺𝑑𝑒𝑓
𝑖

𝑘𝐵𝑇
] sinh [

𝜀𝑟𝜀0𝐹2

2𝑁𝑑𝑒𝑓
𝑖 𝑘𝐵𝑇

]𝑖=𝐴,𝐵𝑖=𝐴,𝐵 .  (1) 

 
Fig. 1: The probability of a sample breaking down can be modeled by the above equation. It should be noted 

that temperature (T) appears in every part of the equation. Importantly, on the right hand side of the equation 

the exponential term involves the ratio of low energy defects to temperature and the hyperbolic sine function 

relates high energy, physical defects to temperature [9]. 
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Previous Experiments 

Preliminary tests done 

by the USU Materials Physics 

Group (MPG) over the last 

decade using our electrostatic 

discharge custom vacuum 

chamber [12] have found that 

the electrostatic field strength 

(𝐹𝐸𝑆𝐷) at breakdown depends 

on the temperature applied 

during ESD testing of the 

materials [11, 12]. The 

materials that have been tested 

to date are low-density 

polyethylene (LDPE) and 

polyetheretherketone (PEEK); I was involved in some of these tests over the last six months.  

To analyze these results a particular type of statistical analysis is used, known as the 

Weibull distribution. This distribution has been shown to agree with the dual-defect model fit over 

a wide range of fields, but is as yet largely untested for different temperatures[13]. Figure 1 shows 

the Weibull fit of the probability of breakdown versus the breakdown field strength for LDPE at 

three temperatures [11]. Figure 1 shows that as the temperature changes, the shape and position of 

the distribution also changes. Figure 1, and similar fits done 

for PEEK data implies that the breakdown field strength 

does depend on temperature, though more data are needed 

to understand better how temperature affects the breakdown 

field [11]. 

 

Proposed Experiments 

We propose to continue similar temperature 

dependent tests this spring for these and additional materials 

over a wider range of temperatures. The hope is that through 

testing more materials at various temperatures, we can begin 

to understand how the breakdown field strength varies with 

the temperature and material used. While the data and our 

model suggest that temperature has an effect on the 

breakdown field strength, more data and better statistics are 

need to verify result to determine material’s parameters and 

to further test our dual-defect model. We will extend testing 

to temperatures from 150 K up to 350 K. 

These tests will use the same custom vacuum 

chamber (<10−3 Pa base pressure) [13], as shown in Figure 

2. Samples of the materials to be tested will be placed 

between a metal sample mounting plate and six highly polished copper high voltage electrodes. 

This will allow testing of six samples during a single vacuum cycle to save time, as it takes about 

an hour to switch samples out between vacuum cycles. A spring clamping mechanism will be used 

Fig. 2: ESD chamber assembly. 

 A. Adjustable pressure springs.  

 B. Insulating plate.  

 C. cryogen reservoir.  

 D. thermally conductive, electrically 

isolating layer.  

 E. sample and mounting plate.  

 F. sample  

 G. High Voltage Cu electrode.  

 H. Cu thermocouple electrode.  

 I. Insulating base. [13] 

Fig 1: The probability of breakdown versus the breakdown field strength 

at three temperatures. Note the difference in the curve at each temperature. 
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to apply uniform sample contact pressure of about 0.4 MPa, in compliance with standard methods 

[14]. In order to perform the low temperature tests, either liquid nitrogen or a chilled coolant will 

be pumped through the cryogen reservoir to cool the sample. For high temperature tests a heating 

coil is wrapped around the outside of the chamber and the entire chamber is heated. The 

temperature is monitored with type k thermocouples that are in contact with the sample. For both 

sets of tests, voltage will be incrementally increased at a constant rate until breakdown occurs, 

which will be evident by the current increasing significantly and continuing to rise linearly above 

breakdown. Data will be analyzed using the previously explained Weibull statistics and then 

compared to similar data obtained from past room temperature tests. 
 

Personnel Overview 
 

Tyler Kippen is a junior undergraduate student pursuing a degree in Physics with a Professional 

Emphasis, with a minors in both Computer Science and Mathematics. He has been a member of 

the Material Physics Group since the spring of 2016 and has helped to design and build equipment 

to irradiate samples at the Idaho Accelerator Center. He also ran the Electrostatic Discharge 

chamber (ESD) during that time. 

 

Allen Anderson is currently a graduate student at Utah State University in Logan, UT pursing a 

PhD in physics. He received a BS degree in physics from BYU-Idaho in 2012. He has worked with 

the Materials Physics Group for four years on electron transport measurements, electrostatic 

discharge tests, and electron emission measurements related to spacecraft charging. 

 

J. R. Dennison is a professor in the Physics Department at Utah State University, where he leads 

the Materials Physics Group. He has worked in the area of electron scattering for his entire career 

and has focused on the electron transport and electron emission of materials related to spacecraft 

charging for the last two decades.  He will provide project oversight and will work directly with 

Tyler and Allen on analysis methods and interpretation of the data.  
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Educational Plan 

 
 The overall purpose of this project is to determine whether or not our proposed dual-defect 

theory adequately models our experimental results or if a more refined model is needed to describe 

the data. The scientific conclusions of this study will have important practical applications, as 

discussed in the narrative.  

 My primary goal for this project is to be able to more fully participate in all aspects of the 

research process. This summer I was trained on the equipment and given responsibility of the 

laboratory operations—including sample preparation, data acquisition, and analysis—while Allen 

Andersen was on a summer internship. I would like to be able to further my understanding of the 

physical processes and theoretical models behind the experiment and to have to opportunity to 

develop my own conclusions and test them against the data. 

 Another important aspect is the opportunity to present the research that I have done. This 

is why I wish to present at the Student Research Symposium and at NCUR. These opportunities 

will help me gain experience with writing and presenting research, and I will also have a chance 

to interact with peers who have done similar research projects and learn from them. 

 Additionally, I will be able to apply knowledge I gain from advanced courses that I will 

be taking, such as Electromagnetism and Thermodynamics. Lastly this project will help me to 

improve my ability to collaborate and work with others, as I will continue to discuss the 

experiments with Andersen and Dennison. I will expand my role of supervising junior 

undergraduate researchers who will aid with data acquisition. 
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